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Abstract 
An experimental program was conducted to investigate the structural behaviour of 
two-way slabs made with Self-consolidating concrete (SCC). Four different SCC 
mixtures were developed with targeted compressive strength of 30 MPa. Mixtures A 
and B contained maximum coarse aggregate size of 10 mm, and coarse to fine 
aggregate ratio (C/F) of 0.70 and 1.20, respectively. Mixtures C and D contained a 
larger coarse aggregate size of 20 mm, and (C/F) of 0.70 and 1.20, respectively. The 
properties of the fresh and hardened concrete for each mixture were measured. 
 
Each concrete mixture was used to construct three slabs with different thicknesses of 
150 mm, 200 mm, and 250 mm. Thus, a total of twelve slabs were tested in the 
experimental program. All test slabs had a reinforcement ratio of approximately 1.0%.  
Hence, the main parameters in the experimental program were the coarse aggregate 
size, coarse to fine aggregate ratio, and slab depth. The structural behaviour of the 
slabs was examined under static monotonic load with regard to the deformations, 
strains in the reinforcement and concrete, ultimate capacity, modes of failure, and 
crack development. 
 
The C/F ratio and maximum aggregate size do not show significant influence on the 
slab deformation characteristics such as deflection, stiffness, ductility and energy 
absorption, steel and concrete strains and cracking characteristics. The slab thickness 
has the most significant effect among the test parameters on the behaviour of the test 
slabs. The depth and aggregate size are the most influential parameters on the capacity 
of the slab; increasing the slab thickness lead to a decrease in the normalized shear 
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strength of the slab while increasing the aggregate size lead to an increase in the 
normalized shear strength of the slab. 
The Critical Shear Crack Theory (CSCT) by Muttoni (2008) is able to reasonably 
predict the structural behaviour of the test slabs. However, the predictions of the 
capacity by the CSCT had a high scatter.  In addition, the test results did not show any 
clear trend in the relationship between the aggregate size and the slab rotation. 
 
The Canadian Code (CSA A23.3-04), the American Code (ACI 318-11) and the 
British Code (BS8110-97) give safe predictions of the capacity of the SCC test slabs.  
The predictions of those codes are more conservative and have less scatter when 
applied to SCC slabs with 20 mm coarse aggregate size compared to those with 10 
mm coarse aggregate size. Therefore, these codes can be safely used to check the 
punching shear capacity of SCC slabs without the need of any modification to the 
equations used for such shear check. The predictions of the Eurocode (EC2) are 
unsafe for most of the slabs with thicknesses of 200 mm and 250 mm.   Hence, further 
research is needed to examine the use of EC2 in the design of SCC slabs for punching 
shear. 
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Chapter 1  
 
Introduction 
 
 
1.1 General  
Self-consolidating concrete (SCC) was first used in Japan in the 1980s. It is also 
known as Self-compacting concrete. It was mainly produced to be used in congested 
reinforced structures (Goodier 2003). SCC has a high ability to flow under its own 
weight within highly congested reinforced concrete structures without segregation or 
destruction of mixture homogeneity, and provide good consolidation without need for 
internal or external compaction (Hassan et al. 2010). The high flowability is the main 
characteristic of SCC when compared with normal concrete (NC). SCC can be 
developed by adding superplasticizer to the NC mixtures. An SCC mixture has a 
higher fine aggregate content to improve the flowability and avoid any segregation. 
 
These advantages are the reason for the wide use of the SCC as a construction 
material in applications such as residential and industrial buildings, garages, walls, 
and bridges. However, the use of SCC is still limited due to the increased fine 
aggregate content which is believed to result in a reduction in the shear strength of a 
structural member. The increased fine content may cause a reduction in aggregate 
interlock which is considered to be the main resisting factor for shear stresses (Lin 
and Chen 2012). Thus, in the past few years, extensive studies have been conducted 
on the shear failure mechanism of SCC reinforced beams Lin et al. (2012) and Hassan 
2 
 
 
et al. (2008). However, no investigations have been reported on the structural 
behaviour of SCC reinforced slabs failing due to punching shear stresses. Hence, there 
is a need to study the punching shear in SCC two-way slabs since it has a brittle mode 
of failure.  Brittle failure occurs without warning. 
 
The provisions of the design codes (CSA 23.3-04, ACI 318-11, BS 8110-97, and 
EC2) for punching failure are based on empirical formulas. These formulas were 
developed based on research conducted on NC structural members.  Thus, it is 
necessary to examine the application of the code equations in the design of SCC slabs 
for punching shear. 
 
A rational mechanical model was proposed by Muttoni (2008) and subsequently 
formed the basis for punching shear provisions in the latest edition of the Model Code 
(2010). The model includes the effect of the coarse aggregate size to predict the 
behaviour and capacity of the two-way slabs based on the load-rotation relationship.  
No other rational model or code equation accounts for the coarse aggregate size effect 
on the behaviour and capacity of the two-way slab. From the literature, the model 
gives good predictions for the NC slabs. 
1.2 Research Scope and Objectives 
The current research program was designed to investigate the structural behaviour of 
SCC reinforced two-way slabs. For this purpose, twelve full scale interior slab-
column connections were constructed using four SCC mixtures of different coarse 
aggregate sizes and C/F aggregate ratios; each of those mixtures was used to cast 
three slabs of different thicknesses. Thus, the main parameters for the slab-column 
connections were the aggregate size the C/F aggregate ratio and the slab thickness. 
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Firstly, the fresh and mechanical properties of the four developed SCC mixtures were 
determined. The fresh properties were tested during the casting process by performing 
slump flow, V-Funnel, and L-Box test. Then, after 28 days, and in the day of testing 
the slab, the mechanical properties were determined by performing the compressive 
strength, and the flexure strength tests. Secondly, the slabs were tested in the 
structural lab by applying concentric load and recording the test data using data 
acquisition system. Then, the recorded data was processed and analysed in terms of 
deflection, strain in the reinforcement and concrete, crack development, and ultimate 
capacity. Finally, the experimental data was compared with current design codes and 
the Critical Shear Crack Theory (CSCT) which was proposed by Muttoni (2008) and 
subsequently formed the basis for punching shear provisions in the latest edition of 
the Model Code (2010).  
 
The main objectives of this research work are summarized as follow; 
1- Investigate the structural behaviour and characteristics (deflections, ductility, 
stiffness, ductility, energy absorption, strains, and crack development) of the 
SCC two-way slabs. 
2- Provide experimental data for SCC reinforced two-way slabs that show the 
influence of the slab thickness, maximum coarse aggregate size and the C/F 
aggregate ratio on the structural behaviour and the punching shear capacity of 
SCC two-way slabs. 
3- Investigate the validity of the currently used equations and formulas proposed 
by the different codes and standards (CSA A23.3-04, ACI318-11, BS8110-97, 
and EC2), and the CSCT proposed by Muttoni (2008) in predicting the failure 
behaviour and punching shear capacities of reinforced two-ways slabs 
constructed using SCC. 
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1.3 Thesis Outline 
Chapter 1, Introduction, presents a brief background on SCC and the punching shear 
as a possible mode of failure in two-way slabs, and an overview on the current 
research scope, objectives, and outlines. 
Chapter 2, Literature Review, is divided into three parts: the first part presents 
relevant research work on SCC fresh properties, and reviews the experimental 
investigation work done on SCC beams showing the influence of parameters similar 
to those used in the current study. The second part reviews the previous relevant 
research conducted on two-way slabs made with normal concrete (NC), and presents 
the recently proposed approaches and formulation accounting for the failure 
behaviour of two-way slabs. Finally, the third part presents the current codes 
provisions for the punching shear behaviour in the two-way slabs. 
Chapter 3, Experimental Program, is divided into two parts: the first part presents the 
material proportions, standard testing procedure, the fresh and mechanical properties; 
and discussion of the results. The second part presents the details of the experimental 
program such as the test slabs, instrumentation arrangements, and the testing 
procedure. 
Chapter 4, Results & Discussion reports the test results and observations obtained 
during the testing process. This chapter also includes discussion and comparison of 
these results with those obtained from different codes predications and other stated 
formulations. 
Chapter 5, Conclusion, summarizes all conclusions made based on the experimental 
analysis and test observations. 
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Chapter 2  
 
Literature Review 
 
 
2.1 Introduction 
This Chapter is divided into three parts: the first part presents relevant research on 
SCC materials, and reviews the previous experimental investigations conducted on 
SCC beams highlighting the influence of different parameters on their shear 
characteristics. The second part reviews the previous relevant research carried out to 
investigate NC two-way slabs, and the recent proposed approaches and formulation 
accounting for the failure behaviour of the two-way slabs. Finally, the third part 
presents the current codes provisions for the punching shear behaviour in the two-way 
slabs. 
2.2 Self-Consolidating Concrete 
The fresh properties of the SCC are believed to be the most significant difference 
when compared with the NC. This is reflected by the different characteristics such as 
flowability, filling ability, passing ability and segregation. The fresh properties of 
SCC are measured by standard equipment and there are certain limits specified in the 
standards and specification (EFNARC - 2005) to ensure the quality and consistency of 
the produced mixes. These properties are also influenced by the admixtures and 
proportions used. Studies were conducted by many researchers using a wide range of 
mixes to determine the influence of such parameters. This section reviews few 
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research work done in which the effect of using different coarse aggregate size, and 
aggregate volume on the fresh properties of SCC mixes was studied. 
The coarse aggregate characteristics (shape, maximum size, and grading) are believed 
to highly influence the SCC mixtures. Khaleel et al. (2011) conducted an 
experimental work to study the influence of the maximum coarse aggregate size and 
type on the fresh properties of SCC (flowability, filling ability, passing ability and 
segregation). In their research, three different types of coarse aggregate were used: 
uncrushed gravel, crushed gravel, and crushed limestone, and two different sizes of 10 
and 20 mm for each type of the used aggregate. The fresh properties tests in their 
study were performed as specified by the European Federation of National 
Associations Representing for Concrete (EFNARC - 2005). 
 
The results showed that the T50cm, time taken for concrete to reach the 500 mm spread 
circle,for mixtures of 10 mm coarse aggregate size which represents the flowability 
showed lower values compared with mixtures of 20 mm coarse aggregate size. The 
flowability was measured again using the V-Funnel test. Increasing the coarse 
aggregate size from 10 to 20 mm resulted in a significant increase in the initial V-
Funnel time (Tf). The L-Box was then used to determine the influence on the passing 
ability. The recorded values of the Blocking Ratio (BR) factor were lower for 
mixtures with 20 mm coarse aggregate size. The lower values of the BR when a larger 
coarse aggregate size was used represented a higher possibility of blocking. The 
mechanical properties were studied as well for all mixtures, and a decrease in the 
compressive strength and flexure strength was recorded for all mixture with 10 mm 
coarse aggregate size. This was attributed to the higher bond when smaller coarse 
aggregate is used since the small particles have larger surface area compared to the 20 
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mm coarse aggregate size. Khaleel et al. (2011) concluded that mixtures of smaller 
coarse aggregate size showed better flowability, higher passing ability, and improved 
mechanical properties. 
Another study was conducted by Krishna et al. (2010) to account for the influence of 
using different coarse aggregate size. In their experiment a total of eight mixes were 
examined. These mixes included only four SCC mixtures with the same proportions. 
However, four different coarse aggregate sizes of 10, 12.5, 16, and 20 mm were used. 
The standard fresh properties tests were conducted in the following order: slump flow 
diameter, J-Ring, L-Box and V-Funnel. The mechanical properties were then tested 
according to EFNARC – 2005.  The resulting fresh properties for this research work 
are listed in Table 2.1. They were found in good agreement with the results of the 
research conducted by Khaleel et al. (2011) presented earlier in this section. The 
results confirmed that using a smaller coarse aggregate size provided better fresh 
properties for the concrete mixture as the T50cm and Tf are found to be longer in case 
of larger coarse aggregate size is used. In the meantime, the possibility of blocking 
becomes higher when a larger coarse aggregate size is used, and this can be seen form 
the L-Box ratios listed; the lower ratios were measured for mixtures with larger coarse 
aggregate size. Krishna et al. (2010) also concluded that, increasing the coarse 
aggregate size results in a higher possibility for segregation.  
 
Table 0.1: Fresh Properties of Self-Consolidating Concrete, Krishna et al. (2010) 
Mix ID 
C.A Size 
(mm) 
Slump Dia. 
(650-850 mm) 
T50cm 
(2-5 sec) 
V-Funnel 
(6-12 sec) 
L-Box 
(0.8-1.0) 
SCC20 20 650 5 12 0.80 
SCC16 16 670 4.2 11.5 0.85 
SCC12.5 12.5 710 3.6 10 0.90 
SCC10 10 725 3 9.3 0.92 
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On the other hand, the results of the hardened properties of SCC mixtures 
contradicted with those presented by Khaleel et al. (2011). The results showed a slight 
improvement in the compressive strength, the tensile strength, and the flexure strength 
with increasing the coarse aggregate size form 10 mm to 20 mm. 
 
Researchers have carried out experimental investigations to have a better 
understanding of the SCC structural behaviour and the effect of using different coarse 
aggregate sizes on the beams’ shear mechanisms. Most of these studies were based on 
a comparison between SCC and NC beams. The most recent studies are presented 
among the reviews in this section.  
 
Hassan et al. (2008) conducted an experimental investigation in which the shear 
strength and cracking behaviour of ten SCC beams were compared with similar ten 
NC reinforced beams. The same parameters were used except the following: beam 
depth varied between 150 and 750 mm, and longitudinal reinforcement ratio varied 
between 1% and 2%. The results showed slightly lower shear strengths for the SCC 
beams. However, no significant change was observed in the pre-cracking stage 
between NC and SCC beams. The authors concluded that using a lower reinforcement 
ratio resulted in wider crack widths in beams with reinforcement ratio of 1% 
compared with those of 2% reinforcement ratio. When the shear strengths were 
calculated using the equations provided by the Canadian code (CSA A23.3-04) and 
the American Code (ACI 318-11); the CSA conservatively predicted the shear 
capacities for both types of beams (SCC and NC). However, the ACI was found to 
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overestimate the shear strength for less number of the tested beams. It was noted that 
the ACI predication was less conservative for the rest of tested beams.  
The shear behaviour of SCC beams was also studied by Lin et al. (2012). Twenty four 
beams were tested to compare the behaviour of SCC with that of NC. The beams were 
divided into three groups each with eight beams; two groups of SCC beams, and one 
group of NC. Different parameters were tested as follows: concrete strength, shear 
span-depth ratio (a/d), spacing of the shear reinforcement, and the amount of coarse 
aggregate in the SCC mixture. The authors compared the capacity of the beams to 
those predicted using current ACI code. When the two groups of SCC beams were 
compared, the group which had the larger coarse aggregate size had higher shear 
strength compared to those with smaller aggregates that had the same compressive 
strength and shear span-depth ratio. This finding confirmed the influence of the coarse 
aggregate size on the shear strength. The ACI predictions was found to underestimate 
the ultimate shear capacity for beams with larger aggregate size by an average of 72% 
and for the group of smaller aggregate size by an average of 55%. The investigation 
showed the need to account for the coarse aggregate size in the current code 
prediction. 
2.3 Punching Shear of Two-Way Slabs 
This section presents a review of studies conducted on the structural behaviour of 
two-way slabs failing under punching shear stresses. These reviews included both 
experimental and theoretical based studies. It should be noted that all the current 
available investigations were conducted using NC two-way slabs.  There is no 
available experimental investigation that was reported in the literature for SCC 
reinforced slabs. The theoretical studies presented were based on databank of 
experimental work done on two-way slabs. The experimental studies presented 
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focused on those that examined the effect of aggregate size and depth.  The influence 
of these parameters is similar to those used in the current study. 
2.3.1 Previous Experimental Investigations 
A) Slab Thickness 
The size effect was detected and defined in 1980s. In the research conducted by 
Bazant and Kim (1984), the size effect was investigated by testing nine micro circular 
concrete slabs with rectangular columns. The slabs had a constant maximum coarse 
aggregate size of 1.59 mm. The slab thickness used varied as follows: 25 mm, 50 mm, 
and 100 mm. The slabs were divided into three groups based on the curing process, 
and each of these groups included three slabs of the three different sizes mentioned. 
All slabs were designed to fail under punching shear failure. 
 
The authors concluded from the load-deflection curves that a brittle failure occurred 
in the slabs instead of what was agreed by that time; that plastic failure occurs in a 
slab. The author also criticized that the size effect for the structure members is 
ignored by the design codes. Nonetheless, some research work investigations 
confirmed the influence of the size effect. More brittle failure behaviour was detected 
for thick slabs; this finding was considered a confirmation for the size effect due to 
the slab depth rather than aggregate size. The authors proposed the following equation 
to predict the punching shear capacity; 
𝑣𝑢 =  𝑘1𝑓𝑐
′ (1 + 𝑘2 .
𝑑
𝑏
) (0.1) 
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This formula was proposed based on theoretical derivation using the plastic limit 
analysis. It yielded reasonable predicted values for the punching shear strength. 
However, the size effect was insignificantly determined by this equation. 
 
An experimental program was carried out by Rizk et al. (2011) to investigate the 
influence of the slab size on the punching shear resistance.  Five thick square slabs 
were tested. The slabs were 300 mm and 400 mm thick with side dimension of 2650 
mm. The slabs were loaded through a small column stub 400 × 400 mm. Four slabs 
were cast using high strength concrete and one using normal concrete. Shear 
reinforcement was used in one of the high strength concrete slab. The results of the 
punching shear strength showed good agreement with the values predicted using the 
CEB-FIP Model Code (1990). The ACI 318-11 code was found to underestimate the 
punching shear strength for all slabs by an average of 17% except for one high 
strength concrete slab. This high strength slab had the lowest reinforcement ratio and 
the predicted value was overestimated by 19%. It was highlighted by the authors that 
the experimental shear strength was different in two slabs. The slabs had different 
concrete strength, similar slab thickness and reinforcement ratio.  Both slabs were 
designed to fail under punching shear stresses. This finding showed that having a 
constant number for the size effect factor depending on the slab depth only, as used in 
major design codes, may not account for the size effect and it should also include the 
concrete compressive strength. 
 
Two modifications were proposed by the authors to the ACI318-11 code for punching 
shear as follows: 
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𝑉𝑐−𝑒𝑞 = 0.33. √𝑓𝑐′  (
𝐼𝑐ℎ
ℎ
)
0.33
(100𝜌)0.33𝑏𝑜𝑑 (0.2) 
The proposed formula included the control perimeter, concrete strength, 
reinforcement ratio, and brittleness ratio (h/Ich) to the power of 0.33; the second 
modification is adding a term for the reinforcement ratio to the power of 0.33. 
 
Birkle and Dilger (2008) conducted similar work to investigate the influence of the 
slab thickness on the punching strength of the two-way slabs.  A total of nine slabs 
were tested. The slabs were divided into three series and each series has three slabs 
with three different thicknesses (160 mm, 230 mm, and 300 mm). Series 1 was used 
to examine the size effect for slabs without shear reinforcement. The slabs were 
formed in octagonal shape with eight supports as shown in Figure 2.1.  The slabs were 
loaded using a rectangular column that varied in dimensions with the slab thickness. 
 
Figure 0.1: Layout of Test Slabs, Birkle and Dilger (2008) 
A concrete cover of 20 mm was used. The reinforcement bars had a nominal yield 
strength of 400 MPa. The reinforcement ratio was decreased with increasing the slab 
thickness as follows, 1.54%, 1.30%, and 1.10%. The nominal compressive strength at 
28 days was 32 MPa. The load-deflection curves for the three slabs showed an 
expected behaviour of brittle failure. The authors discussed the CSA A23.3-04 code 
provisions in accounting for the size effect for slabs with effective depths higher than 
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300 mm. They suggested adding a size effect factor for the slabs with depths 
approximately equals to 220 mm. Furthermore, the author presented a new proposal to 
account for the punching shear resistance by adding a coefficient for the 
reinforcement ratio; since the reinforcement ration has an influence in addition to the 
influence of the concrete strength and the slab thickness. The authors proposed the 
following equation for punching shear resistance: 
𝑣𝑛 = 16 (
𝑓𝑐
′ .𝜌
𝑑
)
1/3
≥  √𝑓𝑐′ (MPa)  (0.3) 
B) Coarse Aggregate Size 
The coarse aggregate size effect on the punching shear behaviour of the two-way 
slabs was first examined by Guandalini et al. (2009) in addition to slabs size. Eleven 
square slabs with variable thicknesses, maximum coarse aggregate sizes and 
reinforcement ratios were tested. The slabs were divided into three groups based on 
the slab dimensions. The first group of slabs with a size of 3.0 m × 3.0 m × 250 mm 
included six slabs of variable maximum aggregate size and reinforcement ratios. The 
second group included only one slab of size 6.0 m × 6.0 m × 300 mm which is double 
size of the first group. The third group included four slabs half size of the first group 
with variable slab thickness and reinforcement’s ratios, and a constant maximum 
aggregate size of 16 mm. The compressive strength ranged between 27.6 MPa and 
34.7 MPa. Only one slab reached a higher strength of 40 MPa. The authors considered 
the small variation as insignificant and neglected its influence on the punching shear 
strength. All slabs failed under punching shear. The influence of using different 
coarse aggregate size was pronounced when two slabs having the same slab thickness 
and reinforcement ratio were compared. The slab with coarse aggregate size equal to 
16 mm was found to exhibit a greater deformation than the slab with a smaller 
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aggregate size of 4 mm. The size effect was also confirmed by the author when the 
slabs of higher slab thickness resulted in higher punching shear capacity. 
 
The test results were compared to the predictions of ACI 318-11. The American Code 
was found to be conservative in predicting the punching shear capacity except for the 
doubled size slab, the capacity of that slab was over estimated by 30%. This finding 
was attributed to ignoring reinforcement ratio and the size effect in the code equation.  
2.3.2 Theoretical Investigations 
The only available model in the literature that accounts for the effect of coarse 
aggregate size on the slab behaviour and punching shear capacity of two-way slab is 
the Critical Shear Crack Theory (CSCT) that was first introduced by Muttoni and 
Schwartz (2008).  
 
The basic assumption of this theory is that the roughness and the opening of the 
critical shear crack govern the shear strength of any cracked structural member. This 
theory introduced a good description of the punching shear behaviour of two-way 
slabs. For any two-way slab subjected to load, this load is resisted by the full concrete 
section until this load reaches a certain limit where the concrete section is cracked.  At 
the cracked section, tensile stresses start to develop. The shear strength is believed to 
be influenced by the coarse aggregate size and roughness. This contribution of the 
existing coarse aggregate is demonstrated in Figure 2.2. 
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Figure 0.2: Aggregate Interlocking, Fib technical report bulletin 57, (2010) 
The friction and strength that are present in the two-way slabs are due to the aggregate 
interlock. This strength is believed to decrease with increasing the crack angle and the 
shear crack opening. Based on this provision, a simplified failure criterion was 
presented by Muttoni and Ruiz (2009) as: 
𝑉𝑅
𝑏𝑑
= √𝑓𝑐  𝑓 (𝑤, 𝑑𝑔) (0.4) 
Where VR represents the shear strength of the concrete member with effective shear 
depth d, fc is the compressive strength of the concrete, w is the critical shear crack 
width, and dg is the maximum coarse aggregate size. The punching shear strength is a 
function of the critical shear crack opening and roughness. A revised assumption was 
then proposed by Muttoni (2008) which attributed the critical shear crack width w to 
the slab rotation ψ and the effective shear depth; that is w is proportional to ψd as 
demonstrated in Figure 2.3. 
 
Figure 0.3: Correlation between Crack Width, Slab Depth, and the Slab Rotation, 
Muttoni (2008) 
Based on this assumption the following simplified equation was presented to account 
for the amount of shear stress transferred at any critical shear crack. As given in Eq 
2.5, the revised formula used the square root of the compressive strength of the 
concrete and included both slab depth and slab rotation. 
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𝑉𝑅
𝑏𝑜𝑑3√𝑓𝑐
′
=
1
1+(
𝜓𝑑
4 𝑚𝑚
)2
 
(0.5) 
 
Muttoni (2003) added the effect of the coarse aggregate size in a new formulation 
given by Eq. 2.6. This modification was based on provision by Walraven (1981) and 
Vecchio and Collins (1986) where they proposed that the strength added by the 
roughness of the critical shear crack can be accounted for by dividing the nominal 
crack width by the coarse aggregate size (dgo + dg). Where, dgo is the reference 
aggregate size taken as 16 mm (0.63 in), and dg is the maximum coarse aggregate size 
used. 
𝑉𝑅
𝑏𝑜𝑑 √𝑓𝑐′
=
3/4
1 + 15
𝜓𝑑
𝑑𝑔0 + 𝑑𝑔
 
 (0.6) 
 
In addition to the failure criterion presented, Muttoni et al. (2009) presented a 
quadrilinear numerical equation as given by Eq. 2.7. This formulation is to predict the 
behaviour of the two-way slabs at different load increments until the failure. It was 
based on assuming the portion of slab outside the critical shear crack is deflecting as a 
rigid body at a conical shape. This follows the assumption made by Kinnunen and 
Nylander (1960). It can be seen from the equation that the cracked and uncracked 
stiffness were accounted for, and explicitly the reinforcement ratio used in the slab 
reinforcing. 
𝑉𝑅 =
2𝜋
𝑟𝑞 − 𝑟𝑐
(
−𝑚𝑟 𝑟0 + 𝑚𝑅 ⟨𝑟𝑦 − 𝑟0⟩ + 𝐸𝐼1 𝜓 ⟨ln (𝑟1) − ln(𝑟𝑦)⟩ +
𝐸𝐼1 𝜒𝑇𝑆 ⟨𝑟1 − 𝑟𝑦⟩ + 𝑚𝑐𝑟 ⟨𝑟𝑐𝑟 − 𝑟1⟩ + 𝐸𝐼0 𝜓 ⟨ln (𝑟𝑠) − ln(𝑟𝑐𝑟)⟩
) (0.7) 
where 
17 
 
 
𝐸𝐼1 = 𝜌. 𝛽. 𝐸𝑠. 𝑑
3 . (1 −
𝑐
𝑑
) . (1 −
𝑐
3𝑑
)  
𝑐 = 𝜌 . 𝛽 .
𝐸𝑠
𝐸𝑐
 . 𝑑 . (√1 +
2 . 𝐸𝑐
𝜌 . 𝛽 . 𝐸𝑠
− 1)  
 
The punching shear failure capacity is determined at the intersection point of both the 
failure criterion and load-rotation curve determined by Eq. 2.6 and 2.7 respectively. 
This is clarified in Figure 2.4 in which the load-rotation relation for different slabs 
with different reinforcement ratios is identified by solid lines, and the failure criterion 
for slabs with different thickness is defined by the dotted line.  
 
 
Figure 0.4: Load-Rotation vs. the Failure Criterion, Muttoni (2008) 
 
The accuracy of the proposed formula was examined by comparing the load-rotation 
relation resulted by using this formulation with the actual relation resulted for 
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different for slabs with different reinforcement ratios tested by Kinnunen and 
Nylander (1960). This comparison showed an acceptable accuracy for both the 
numerical quadrilinear and failure criterion to predict the failure behaviour and 
punching shear strength as shown in Figure 2.5. 
 
Figure 0. Comparison of Load-Rotation Curves for Tests and for the Proposed 
Numerical Formulation, Muttoni (2008) 
Figure 2.6 shows the results for slabs tested by Guandalini et al. (2009). As shown 
from the figure, the two slabs PG-2b and PG-4 are confirming the accuracy of the 
failure criterion expressed in Eq. 2.6 which was proposed to account for the effect of 
the maximum coarse aggregate size used where both slabs have the same slab 
thickness and reinforcement ratio. Slab PG-2b with aggregate size equal to 16 mm 
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was found to exhibit a greater deformation than slab PG-4 with smaller aggregate size 
of 4 mm. 
 
Figure 0.5: Test Results Compared with Failure Criterion, Guandalini et al. (2009) 
2.4 Codes Provision for Punching Shear Strength of Two-Way Slabs 
This section presents the code design equations for the punching-shear strength as 
specified by four widely used different codes. The codes are the Canadian Code CSA 
A23.3-04, the American Code ACI318-11, the British Code BS8110-97, and the 
European Code EC2 (2010).  
2.4.1 Canadian Code [CSA 23.3-04] Provision 
The Canadian code provision CSA A23.3-04 for checking the punching shear strength 
of two-way slabs is based on Eq. 2.8, where vf is the shear stresses due to factored 
loads and vr is the factored shear resistance; 
20 
 
 
𝑣𝑓 =
𝑉𝑓
𝑏𝑜.𝑑
≤ 𝑣𝑟 (0.8) 
The shear stresses are calculated at the critical shear perimeter located at distance d/2 
from the column face and d is the average effective depth of the slab. The shear 
resistance depends on the concrete compressive strength, the effective depth, and the 
load location. The shear stress resistance vc is determined as the smallest value of 
those obtained from Eq. 2.9 to 2.11. 
𝑣𝑐 =  (1 +
2
𝛽𝑐
) . 0.19. ∅𝑐. 𝜆. √𝑓𝑐
′  (0.9) 
𝑣𝑐 =  (
𝛼𝑠𝑑
𝑏𝑜
+ 0.19) . ∅𝑐. 𝜆. √𝑓𝑐
′
 (0.10) 
𝑣𝑐 =  0.38. ∅𝑐. 𝜆. √𝑓𝑐
′
 (0.11) 
where βc is the ratio of long side to short side of the column, λ is the concrete density 
factor; λ = 1 for normal density concrete; and λ = 0.85 for semi-low-density concrete; 
and λ = 0.75 for low-density concrete, ϕc is the resistance factor for concrete, fc’ is the 
specified compressive strength of concrete, αs is adjusting factor (αs = 4 for interior 
columns, 3 for edge columns, and 2 for corner columns), and bo is perimeter of the 
critical section. 
 
2.4.2 The American Code [ACI 318-11] Provision 
The American code provision for punching shear of the two-way slabs is based on Eq. 
2.12, where vu is the shear stress due to factored loads and vc is the ultimate punching 
shear strength of concrete; 
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𝑣𝑢 =
𝑉𝑢
𝑏𝑜𝑑
≤ 𝜙. 𝑣𝑐 (0.12) 
Similar to the Canadian Code CSA A23.3-04 the American Code assumes the critical 
punching shear perimeter is located at d/2 from the column face, and the shear stress 
resistance; vc shall be the smallest of the Eq. 2.13 to 2.15.  
𝑣𝑐 =  0.083 (
αs𝑑
𝑏𝑜
+ 0.2) . λ. √𝑓𝑐′ (0.13) 
𝑣𝑐 =  (1 +
2
𝛽
) . 𝜆. √𝑓𝑐′ (0.14) 
𝑣𝑐 =  0.33. 𝜆. √𝑓𝑐′ (0.15) 
 
where β is the ratio of long side to short side of the column, λ = 1 for normal weight 
concrete and λ = 0.85 for semi lightweight concrete, ϕc is the resistance factor for 
concrete, cf   is the concrete cylinder compressive strength, αs = 40 for interior 
columns; 30 for edge columns; and 20 for corner columns, and bo is the perimeter of 
the critical section. 
2.4.3 The British Code [BS 8110-97] Provision 
The British code provision is based on Eq. 2.16, where the shear stresses are 
calculated at the critical shear perimeter located at distance 1.50d from the column 
face. The shear resistance according to the British Standard is calculated taking into 
account the concrete strength, the flexural reinforcement ratio, the effective slab depth 
and the size effect: 
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𝑉𝐵𝑆 =  0.79. (100ρ
𝑓𝑐
′/0.78
25
)
1/3
(400/𝑑)1/4𝑢.d (0.16) 
 
where VB.S is the shear load capacity of the two-way slabs, 𝜌 is the reinforcement ratio 
factor, cf   is the concrete cylinder compressive strength, d is the effective depth of the 
slab, and u is the perimeter of the critical section at 1.5d from the column face.  The 
BS 8110-97 code was superseded by Eurocode (EC2) in 2010. 
 
2.4.4 The European Code [EC2] Provision 
In the European code (EC2, 2010) the punching shear capacity of two-way slabs 
without shear reinforcement VRd,c is taken as the least value of Eq. 2.17 and 2.18 
expressed below. The critical shear perimeter in this code is located at distance 2.0d 
from the column face. 
𝑉𝑅𝑑,𝑐 =  0.18. 𝑘(100𝜌1𝑓𝑐𝑘)
1/3
𝑢1𝑑 (0.17) 
But not less than;  
𝑉𝑅𝑑,𝑐 =  0.035. 𝑘
3/2𝑓
𝑐𝑘
1/2. 𝑢1𝑑 (0.18) 
 
𝑘 = 1 + √200 𝑑⁄  ≤ 2.0  
 
Where d is the effective depth, k is the size effect coefficient, ρ1 is the reinforcement 
ratio, fck is the characteristics compressive strength of the concrete mixture, and u1 is 
the punching perimeter located at distance 2.0d from the column face. 
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2.5 Research Summary 
The literature review presented in this chapter showed the structural performance of 
self-consolidating concrete was only tested in concrete beams. It should be noted that 
no research has been conducted on two-way SCC slabs in terms of both experimental 
results and rational investigations. In this thesis, an experimental program is designed 
and conducted to investigate the effect of three different parameters (slab thickness, 
maximum coarse aggregate size and the C/F aggregate ratio) on the behaviour of two-
way SCC reinforced slabs. The investigation would be an initiative to understand the 
punching behaviour SCC slabs and the experimental results will provide  
needed data for SCC slabs. Based on the experimental study, a comparison between 
the currently used different codes provisions will be conducted. Finally, the 
experimental data will be compared as well with the CSCT proposed by Muttoni 
(2008).  The CSCT includes the effect of slab thickness and aggregate size to predict 
for the behaviour and capacity of two-way slabs but has never been applied to SCC 
slabs. 
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Chapter 3  
 
Experimental Program 
 
 
3.1 Introduction 
A detailed description of the experiment is presented in this chapter. This description 
includes; the materials used in preparing the slabs, details of the test slabs, and the 
instrumentations used to obtain the different measurements. In the first part, the 
concrete mixtures proportions, mixing procedure, and the results of the fresh and 
hardened concrete properties are discussed followed by the properties of 
reinforcement used. In the second part, typical details of the test slabs and the 
preparation of the specimen are presented. Then, in the last section, the testing frame 
is described and all the transducers used for measuring deflections, strains, and 
cracking are listed; describing their installation procedure, functions, and 
arrangement. The test procedure and the collection of the data are mentioned at the 
end of the chapter. 
3.2 Self-Consolidating Concrete (SCC) Mixtures 
3.2.1 Concrete Mixtures 
Four different concrete mixtures were used in the current experimental work. The 
mixtures were designed to achieve a compressive strength of 30 MPa after 28 days. 
The mixtures proportions are listed in Table 3.1. Variable C/F aggregate ratio and 
coarse aggregate size were used. The concrete mixtures used in casting the slabs were 
supplied from a local batch plant.  The chemical admixtures were added to the 
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concrete mixture after it arrived at the structures lab.  The amount of HRWR was 
varied for each concrete mixture to maintain a slump flow diameter of 650 ± 50 mm.  
Table 0.1: Mixtures Proportions 
Materials Group A Group B Group C Group D 
Binder Amount 
(kg/m
3
) 
500 500 500 500 
Cement (kg/m
3
) 200 200 200 200 
FA (kg/m
3
) 300 300 300 300 
C/F Ratio 0.70 1.20 0.70 1.20 
CA Size (mm) 10 10 20 20 
CA (kg/m
3
) 653 865 653 865 
FA (kg/m
3
) 933 721 933 721 
Water (L/m
3
) 200 200 200 200 
HRWR (L/m
3
) 0.93 0.78 1.30 1.10 
 
A high strength concrete mixture was used for the slabs’ columns. It was designed to 
achieve a compressive strength of 60 MPa at the day of testing the slab, to avoid any 
premature failure of the column during testing. The column mixture was produced in 
the concrete laboratory at MUN using a 120 liter capacity mixer and the mixing 
proportions are listed in Table 3.2.  
Table 0.2: Columns Concrete Mixtures Proportions 
Materials Proportions 
Binder Amount (kg/m
3
) 500 
Cement (kg/m
3
) 450 
Silica Fume (kg/m
3
) 50 
C/F Ratio 1.00 
CA Size (mm) 10 
CA (kg/m
3
) 658 
FA (kg/m
3
) 658 
Water (L/m
3
) 175 
HRWR Glenium 7700 (L/m
3
) 6.5 
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Type GU Portland cement with a specific gravity of 3.15 was used for all slabs and 
columns. Class F fly ash similar to ASTM Type I with a specific gravity of 2.26 was 
used as a supplementary cementing material. The chemical properties of the cement 
and fly ash are shown in Table 3.3 as provided by the manufacturer. 
Table 0.3: Chemical Properties of Cement and Other SCM’s 
Chemical 
Properties % 
Cement Fly Ash 
SiO2 19.6 52 
Al2O3 5.5 23 
Fe2O3 2.4 11 
FeO - - 
TiO2 - - 
C - - 
P2O5 - - 
SO4 - - 
CaO 62.4 5 
MgO 2.5 - 
Cr2O3 - - 
MnO - - 
SrO - - 
BaO - - 
Na2O - - 
C3S 52.3 - 
C2S 16.8 - 
C3A 10.5 - 
C4AF 7.2 - 
K2O - - 
L.O.I. 2.1 - 
 
A high-range water-reducing admixture (commercial name is Glenium 7700) was 
used to achieve the required slump flow diameter of SCC mixtures. Natural sand with 
a specific gravity of 2.70 and water absorption of 1% was used for all mixtures. The 
used coarse aggregate was crushed granite with maximum size of 10 and 20 mm and 
with a specific gravity of 2.70 and water absorption of 1%.  
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3.2.2 Fresh Properties 
For each of the four designed mixture the standard fresh properties tests were carried 
out to ensure that all mixture satisfies the SCC requirements. The mixtures 
proportions are listed in Table 3.1, where a coarse aggregate size of 10 mm was used 
in Mixtures A and B, while 20 mm aggregate size was used in Mixtures C and D. 
Mixtures A and C contained a C/F of 0.70 while Mixtures B and D contained 1.2 C/F. 
The standard fresh properties tests were performed following the same order of the 
data listed in Table 3.4. 
Table 0.4: Fresh properties tests of SCC Mixtures 
Test Method 
Measured 
Property 
Unit Criteria 
Slump Flow  
 Flowability 
mm ≥ 520 mm, ≤ 900 
T50cm Slump Flow  sec 2s – 5s 
V-Funnel  sec ≤ 27s 
L-Box Passing Ability (H2/H1) ≥ 0.75 
 
3.2.2.1 Slump Flow Diameter & T50cm Tests 
 
Figure 0.1: Slump Flow Testing Plate (EFNARC - 2005) 
Testing the fresh properties of the concrete mixtures started with measuring the slump 
flow diameter by filling the slump cone with concrete and holding it for 2 second, and 
then the cone was lifted upward smoothly in time interval of 3 – 5 seconds. Once the 
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cone is lifted up, the concrete started to flow under its own weight over the 900 mm 
square metal plate shown in Figure 3.1.  This test was performed according to ASTM 
C1611 specification. To measure the T50cm, a stopwatch was used to record the time 
from the start of moving the cone upward until the concrete reaches a 500 mm 
diameter. The slump diameter was measured in two perpendicular diameters after the 
concrete stopped flowing. The recorded readings of both tests for all mixtures are 
listed in Table 3.5. 
 
The T50cm and the slump flow diameter both give a good indication for the mixture 
flowability. The flowability is defined as the ability of the concrete to flow in the form 
work under its own weight. The higher the slump diameter indicates a higher 
flowability, For the T50cm a shorter time to reach the 50 cm diameter indicates more 
flowability. The acceptable ranges for both tests are indicated in Table 3.4. 
3.2.2.2 V-Funnel Test 
 
 
Figure 0.2: V-Funnel Test (EFNARC - 2005) 
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After finishing the slump flow test, the V-Funnel test was then performed. This test 
was performed according the European Guidelines (EDNARC - 2005). The V-shaped 
funnel, see Figure 3.2, was filled with 12 liter of the concrete mixture. Then a 
stopwatch was used to record the time the concrete takes to flow through the 
apparatus. The purpose of this test is to determine the flowability; also it gives an 
indication for the mixture segregation and viscosity. Shorter flow time indicates a 
higher flowability, but it should be within the acceptable range indicated in Table 3.4 
as specified by (EDNARC - 2005)  
 
3.2.2.3 L-Box Test 
 
Figure 0.3: L-Box Test (EFNARC - 2005) 
The L-Box test is the third test to assess the passing ability of SCC through 
reinforcement bars, see Figure 3.3. The vertical part was filled with concrete after 
levelling of the L-Box horizontally. The gate was kept closed for 60 ± 10 seconds 
after filling the concrete. After opening the gate, the concrete was left to flow under 
its own weight, and the heights H1 and H2 were measured to determine the passing 
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ability factor by dividing H2/H1. The readings are listed in Table 3.5 for all tested 
mixtures and compared with the accepted ranges specified by (EFNARC - 2005). 
3.2.2.4 Fresh Properties Testing Results 
In this section, all the fresh properties results for the four mixtures are presented and 
discussed. The required amount of concrete was delivered from local batch plant in a 
concrete truck. The designed amount of HRWR to maintain the 650 ± 50 mm slump 
flow diameter was added upon the arrival of the concrete truck at Memorial 
University structural lab. The slump flow diameter was then checked before pouring 
the concrete into the forms to confirm achieving the targeted slump flow diameter.  
 
Testing the fresh properties of the SCC mixtures was carried out during the casting 
process and after confirming the targeted slump flow diameter. All the recorded 
readings are listed in Table 3.5. The T50cm is found to increase with increasing the C/F 
aggregate ratio from 0.70 to 1.20. A similar increasing trend of the T50cm with 
increasing the coarse aggregate size from 10 to 20 mm was observed by comparing 
mixtures B and D. This finding is in good agreement with Khaleel et al. (2011). An 
opposite finding was observed when the T50cm for mixture A is compared with that of 
mixture C. However, this can be attributed to the large increase in the slump flow 
diameter from 600 mm to 780 due to uncontrolled conditions. 
 
During the casting process, the initial V-Funnel time Tf was measured. The resulted Tf 
for all mixtures is within the acceptable ranges indicated in Table 3.4. It can be seen 
from the data listed in Table 3.5 that the Tf for mixture B is shorter than the Tf for 
mixture D; where they were cast using the same C/F ratio and coarse aggregate size of 
10 mm and 20 mm, respectively. Thus it can be concluded that increasing the coarse 
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aggregate size results in increasing the Tf. It should be noted that the resulted values 
agree with a similar study carried out by Krishna et al. (2010) where four mixtures of 
different coarse aggregate sizes were used. On the other hand, No significant effect 
was observed for changing the C/F aggregate ratio in the current study.  A scatter in 
the results of the Tf, was observed. It is not possible to provide a conclusive 
explanation to this scatter due to the limited number of mixtures in the current study. 
 
Both the T50cm of the slump flow test and the Tf of the V-Funnel test are good 
indicators for the concrete flowability and viscosity, as mentioned previously. 
Mixtures with a longer times measured indicate a higher viscosity and low 
flowability. Figure 3.4 clearly shows that increasing the coarse aggregate size has 
more influence in increasing the T50cm compared to the effect of the C/F ratio. 
Table 0.5: Slump Flow, V-Funnel, and L-Box 
Mixtures 
Slump Flow V-Funnel  L-Box HRWR 
Dia. (mm) T50cm (sec) Tf (sec) H2/H1 L/m
3
 
Mix. A 600 1:20 5:30 0.76 0.93 
Mix. B 650 1:25 2:40 0.55 0.78 
Mix. C 780 1:15 2:54 0.75 1.30 
Mix. D 630 3:00 9:00 0.73 1.10 
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Figure 0.4: Slump Diameter, T50cm, and Tf for Concrete Mixtures 
(Note: The slump diameter values mentioned in Figure 3.4 has to be divided by 100 to 
give the actual test readings) 
 
Although all mixtures had an acceptable value for the T50cm, the passing ability of 
mixtures B and D did not meet the acceptable range of values as indicated by 
EFNARC - 2005 and listed in Table 3.4. From the L-Box test results given in Table 
3.5 and shown in Figure 3.5 a slight decrease was found in the blocking ratio with 
increasing the coarse aggregate size from 10 mm in mixtures A and B to 20 mm in 
mixtures C and D. Khaleel et al. (2011) found a similar trend when the coarse 
aggregate was increased from 10 mm to 20 mm in their study. The slight change in 
the L-Box blocking ratio when comparing mixture A with C can be attributed to the 
larger slump flow diameter of mixture C. If both mixtures have a similar slump flow 
diameter; a larger difference could be seen. In a similar study carried out by Krishna 
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et al. (2010) a gradual decrease in the L-Box ratio was observed with increasing the 
aggregate size from 10 mm to 20 mm. 
 
Figure 3.6 shows a significant decrease in the passing ability with increasing the C/F 
ratio from 0.70 to 1.20. Such decreasing values are expected since increasing the C/F 
ratio causes a higher possibility for the coarse aggregate to accumulate at the 
reinforced bars behind the L-Box gate causing blockage for the concrete to flow. It 
should be noted that segregation is more likely to occur when either a larger coarse 
aggregate or C/F ration are used. 
 
Figure 0.5: Effect of C/F and Coarse Aggregate Size on the Passing Ability 
Finally, the influence of changing the coarse aggregate size and the C/F aggregate 
ratio on the demand for HRWR to achieve the desired slump flow diameter of 650 ± 
50 mm was examined. Figure 3.6 shows that, for mixtures having the same coarse 
aggregate size, when the C/F ratio was increased from 0.70 to 1.20, the required 
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amount of the HRWR decreased by 16.1% and 15.4% for mixtures of 10 mm and 20 
mm coarse aggregate size, respectively. 
 
 
Figure 0.6 : Effect of C/F and Coarse Aggregate Size on the HRWR Demand 
The influence of changing the coarse aggregate size on the required amount of the 
HRWR for mixtures having the same C/F ratio is illustrated by the data shown in 
Figure 3.6 and the results listed in Table 3.5. The results show that the demand for the 
HRWR increased with increasing the coarse aggregate size. The amount required 
increased for the mixtures with the 20 mm coarse aggregate size by 29% compared to 
that required for the mixtures using the 10 mm coarse aggregate size for the C/F ratios 
used. 
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3.2.3 Mechanical Properties 
In this section, the mechanical properties of the hardened concrete are presented. All 
tests were performed according the procedure specified by ASTM standards. The 
compressive strength, and the modulus of rupture were tested and the results are listed 
in Table 3.6.  
3.2.3.1 Compressive Strength and Modulus of Elasticity 
The concrete compressive strength for each slab was obtained in accordance with 
ASTM C39-04. For each slabs three (100 mm x 200 mm) cylinders were cast for the 
compressive strength test. The cylinders were kept at the same location the slabs were 
stored after casting. The cylinders were tested at the same day of testing the slab. The 
compression testing machine is shown in Figure 3.7. The load was applied at a rate of 
0.25 MPa/second. All cylinders were capped with a high strength sulphur compounds. 
The compressive strengths of the cylinders are listed in Table 3.6. Each result 
represents the average of the compressive strengths of three cylinders. 
 
 
 
Figure 0.7: The Concrete Compression Testing Machine 
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3.2.3.2 Flexure Tensile Strength 
The modulus of rupture for each mixture is measured according to ASTM C78. Four 
prisms of dimensions 100 x 100 x 400 mm were cast for each mixture at the same day 
of casting the slabs. The prisms were kept at the same location of the slabs and were 
cured under the same conditions. The prisms were tested on the day of testing the slab 
for each concrete mixture. The tests were carried out using four point bending test. An 
MTS actuator was used to apply load at stress rate of 0.015 MPa/second. Figure 3.8 
shows a picture taken during testing one sample in the MTS test frame. 
 
 
 
 
Figure 0.8: Flexure Strength Test [Before and After Test] 
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The average of all prisms is listed in Table 3.6 for each mixture. The values of the 
modulus of rupture of the specimen were found to be in reasonable agreement with 
those calculated using the CSA A23.3 - 04 Code equation 
 𝑓𝑟  = 0.6 . 𝜆 . √𝑓𝑐′     (MPa) 
Table 0.6: Mechanical Properties of the Tested Slabs: 
Mixture 
 
Size 
C/F 
Compressive Strength (MPa) 
Measured 
𝑓𝑟  
Calc. 
𝑓𝑟 𝑓𝑟
√𝑓𝑐′
 
(mm) 150 mm 200 mm 250 mm (MPa) (MPa) 
Mix. A 10 0.70 24.5 26.0 27.0 -- -- -- 
Mix. B 10 1.20 29.0 30.0 32.0 3.64 3.30 0.66 
Mix. C 20 0.70 25.5 26.0 27.0 3.44 3.06 0.68 
Mix. D 20 1.20 24.0 24.5 25.0 3.47 2.96 0.70 
 
3.3 Mechanical Properties of the Reinforcement 
Grade 400 reinforcement bars with two different diameters were used in the tests.  A 
uniaxial tension tests were carried out on the 15M and 20M bars to determine the 
yield strength and the modulus of elasticity of the bars. Three samples were tested for 
each bar diameter and the average of the results was used. Each sample was 800 mm 
long. Two strain gauges were mounted at the middle of each bar, and on both sides of 
a bar to measure the strain development. The test samples were placed in a universal 
testing machine as shown in Figures 3.9 and 3.10. Special grips were used at the top 
and bottom ends. The free length of the bar between the grips of the machine was 400 
mm. The test machine has a capacity of 1335-KN. The data recorded from the load 
cell and the strain gauges were collected by the data acquisition system used. 
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All the samples were tested until ruptures as shown in Figure 3.10. The average yield 
strength was found to be 443 and 432 MPa for 15M and 20M bars, respectively as 
listed in Table 3.7. The yield strain of the 15M bar was found to be 2200 µε while for 
the 20M bar was 2100 µε.  
      
Figure 0.9: The Universal Testing Machine 
 
Figure 0.10: A Typical Bar in the Machine after Rupture 
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Table 0.7: Mechanical Properties of the 400 Grade Bars Tested 
Bar Designation 
Yielding Strength fy Yield Strain 
(MPa) µε 
15M 443 2200 
20M 428 2100 
 
3.4 Test Slabs 
Details of a typical test specimen are shown in Figure 3.11. Dimensioning and 
reinforcement details for the different groups are listed in Table 3.8. All slabs had side 
dimensions of 1900 mm. The slabs were concentrically loaded through a 250 x 250 
mm square column stub. 
 
The main variables were the slab thickness, coarse aggregate size, and C/F aggregate 
ration. The twelve slabs were divided into four groups (Group A, B, C and D). Each 
group was cast using different concrete mixture. The slabs within each group had 
different thicknesses, 150, 200 and 250. The target reinforcement ratio was 1% and 
slightly varied for the slabs with different thicknesses to maintain the same spacing 
between reinforcement. The flexural reinforcement ratios were 1.01%, 1.08% and 
0.91% for the slabs with thicknesses 150, 200 and 250 mm respectively. 
 
The target compressive strength for all slabs was 30 MPa. The only sizes of coarse 
aggregate used were of 10 and 20 mm. The 10 mm coarse aggregate size was used for 
groups A and B, and C/F aggregate ratios of 0.70 and 1.20 were used for groups A 
and B, respectively. Similarly, group C and D were mixed using 20 mm coarse 
aggregate size, and C/F ratios of 0.70 and 1.20 respectively. All these data are detailed 
in Tables 3.8. 
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Figure 0.11: Typical Test Slab Specimen 
 
 
 
Table 0.8: Details of Test Slabs 
Group 
No. 
Agg. 
Size 
 
(mm) 
C/F 
Ratio 
 
(%) 
Slab No. Rein. 
Ratio 
 
ρ (%) 
Slab 
Thick. 
 
(mm) 
Bar 
Size 
 
(mm) 
Bar 
Spacing 
 
(mm) 
Cover 
 
 
(mm) 
Average 
Depth 
 
(mm) 
 
10 0.70 
SCA150 1.01 150 15M 180 
25 
110 
A SCA200 1.08 200 20M 180 155 
 SCA250 0.91 250 20M 160 205 
 
10 1.20 
SCB150 1.01 150 15M 180 
25 
110 
B SCB200 1.08 200 20M 180 155 
 SCB250 0.91 250 20M 160 205 
 
20 0.70 
SCC150 1.01 150 15M 180 
25 
110 
C SCC200 1.08 200 20M 180 155 
 SCC250 0.91 250 20M 160 205 
 
20 1.20 
SCD150 1.01 150 15M 180 
25 
110 
D SCD200 1.08 200 20M 180 155 
 SCD250 0.91 250 20M 160 205 
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3.5 Form work 
Each concrete mixture was used to cast three slabs. The slabs had the same 
dimensions (1900 mm × 1900 mm) but with three different depths; 150 mm, 200 mm 
and 250 mm. For casting the 150 mm slab thickness; a permanent steel form work at 
MUN’s concrete lab was always used, see Figure 3.12. The steel platform is 
supported on W-Shape columns which are connected with I-beams. A square steel 
plate with 7 mm thickness and 2.0 m width in each direction is placed on the I-beams. 
Four removable steel sides with a height of 150 mm are installed as a formwork 
boundary. 
Figure 3.13 shows the wooden formworks used for casting both slabs with 200 mm 
and 250 mm thickness. They are directly supported on the floor at the structural lab at 
MUN. They are constructed using a 18 mm thick square wooden sheet, stiffened from 
the bottom using 25 mm lumbers. Finally the four removable wooden sides are 
attached to the base and tied together in a way to confirm having a net inside area of 
1900 mm × 1900 mm. Figure 3.14 shows the lab condition during the casting process 
 
Figure 0.12: Steel Formwork for casting the 150 mm Thick Slabs 
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Figure 0.13: Wooden Formwork for Casting the 200 mm & 250 mm Thick Slabs 
 
 
 
Figure 0.14: A Photograph during the Casting Process 
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3.6 Curing 
The slabs were cured during the first seven days by spraying water over the exposed 
surface. The early curing is an effective method to reduce shrinkage cracks. Improper 
curing can result in shrinkage cracks that appear on the surface of the slabs. 
3.7 Test Setup 
A steel frame, located in the structural lab at Memorial University of Newfoundland 
was used for testing all slabs. This frame was built using W and channel steel sections 
as shown in Figures 3.15. The Frame was anchored to the 76.0 mm (30 in.) lab floor 
and was designed to be Self-reacting. The four edges of the test slab were supported 
on 32 mm diameter rods welded on the vertical steel W sections. A 3.0 mm layer of 
rubber was placed along the contact line between the rods and the slabs to minimize 
the resulted friction. All slabs were casted in a horizontal position and were placed for 
testing in a vertical position.  
 
 
 
Figure 0.15: The Testing Frame  
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3.8 Instrumentation and Measurements 
3.8.1 Loading System 
A hydraulic actuator was fixed to the frame and used to apply the concentric load on 
the column stub. The hydraulic jack has a maximum capacity of 1783 kN. Thehe 
applied load and the displacement were measured internally by a pressure transducer 
and a linear voltage displacement transducer (LVDT), respectively. 
3.8.2 Deflections 
The deflections at different locations on the tension side were measured using four 
LVDTs arranged as shown in Figure 0.16. Two Additional LVDT’s were placed on the 
compression side to measure the differential deflection within the punching perimeter. 
The data from the LVDTs were logged into the data acquisition system. 
 
Figure 0.16: LVDTs Arrangements in a Typical Test – Plan View 
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3.8.3 Steel Strains 
The stains in the reinforcement were measured at various locations. These locations 
were selected to detect the maximum strains in the reinforcement and the strain 
variation in both radial and tangential directions. Figure 3.17 shows the strain gauge 
arrangements used in all test slabs. Placing more than three gauges on the same bar 
was avoided by placing the gauges required over two separate bars, since the presence 
of strain gauge causes a loss of bond between the concrete and the reinforcement bar 
at that location. An electrical strain Gauge with gauge factor 2.075 ± 0.5% and 
resistance of 120 ± 0.30% Ω at 24 ̊c was placed on the steel surface after grinding the 
surface, see Figure 3.18 which shows a sample of a strain gauge installation. The 
normal use temperature range for the strain measurement is -75 ̊c to 175 ̊c. The gauges 
were coated with a protective sealant and then covered with a rubber splicing tape to 
protect them against any possible water damage during concrete casting. Bondable 
terminals were used on both sets of leads to prevent forces transmitted along the main 
lead wire from damaging the strain gauges or degrading their performance. 
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Figure 0.17: Typical Steel Strain Gauges Arrangements for Test Slabs 
 
 
Figure 0.18: Strain Gauge Installation on the Steel Bars 
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3.8.4 Concrete Strains 
Strain gauges were used to measure the concrete strains on the compression side at 
five different locations. The strain gauges were glued and arranged over the concrete 
surface as shown in Figure 3.19. The surface of the concrete at the specified locations 
was grinded and coated with a thin film of epoxy resin. Each strain gauge was wired 
and connected to the data acquisition system. 
 
Figure 0.19: Typical Concrete Strain Gauges Arrangements for Tested Slabs 
3.8.5 Crack Detection 
Crack formation and propagation was carefully inspected for each slab. Formation of 
early first cracks was detected using naked eye and their widths were measured using 
a microscope. After detecting these cracks, three Crack Displacement Transducers 
(CDT) were mounted over the detected cracks to measure the crack opening during 
the test as shown in Figure 3.20. The (CDT) used are waterproof instruments and are 
able to measure the crack widths with capacity of ± 2.0 mm. 
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Figure 0.20: Crack Displacement Transducer (CDT) on the Concrete Surface 
3.8.6 Data Acquisition System 
The measurements from the pressure gauges, strain gauges, LVDTs and CDTs were 
logged to a high speed data acquisition system. All the data collected using LAB-
View software. The data acquisition system was set to note of 3 seconds for data 
scanning and saving. 
3.9 Test Procedure 
The slabs were placed in a vertical position. Their position was adjusted to ensure that 
the column stub center is achieved with the loading actuator axis. They were also 
carefully inspected to ensure that the slab’s four sides are supported on the steel rods 
attached to the testing frame. At the beginning of the test, an initial load was applied 
to the slab through the column stub to ensure that all the four sides are rested on the 
rods and the initial settlements is reduced. The load was applied at a load increment of 
8.8 kN (2.0 kips) until the first crack was detected. Then, the test was stopped to 
2 
1 
3 
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install the crack gauges on the tension surface of the slab using fast setting epoxy glue 
and left for three hours. The test was then resumed using load increments of 22.5 kN 
(5 kips). At each load step the test was stopped and the crack propagation was marked 
as shown in Figure 3.21. 
 
Figure 0.21: A Photograph during Testing and Crack Marking Process 
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Chapter 4  
 
Results & Discussion 
 
 
4.1 Introduction 
This chapter presents the results from testing the twelve SCC slabs. As mentioned 
earlier, the main parameters were the aggregate size (10 mm and 20 mm), C/F 
aggregate ratio (0.7 and 1.2), and slab thickness. The slabs were divided into four 
groups. Within each group, three slab thicknesses were tested: 150 mm, 200 mm and 
250 mm. Group A had an aggregate size of 10 mm, and a C/F aggregate ratio of 0.7, 
Group B had an aggregate size of 10 mm, and a C/F aggregate ratio of 1.2, Group C 
had an aggregate size of 20 mm, and a C/F aggregate ratio of 0.7, and Group D had an 
aggregate size of 20 mm, and a C/F aggregate ratio of 1.2. 
 
The recorded data and the observations during the testing were processed, and are 
presented in this chapter. This data includes the load-deflection behaviour of the slabs, 
the gradual development of the concrete and reinforcement strains at each loading 
step, the crack propagation and the slabs’ modes of failure and capacities. Finally, the 
observed capacities were compared with those calculated using different design codes 
(CSA A23.3-04, ACI 318-11, BS8110, and EC2 (2010)) as well as the predictions of 
the Critical Shear Crack Theory (CSCT) that was introduced by Muttoni (2008) and 
subsequently formed the basis of the Model Code (2010). 
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4.2  Load – Deflection Characteristics  
The deflections of each slab were measured at different locations using four LVDTs 
arranged as detailed in Section 3.8.2. The deflections were measured on the tension 
side of the test slabs. Figures 4.1 to 4.4 show the applied load versus the central 
deflection of all test slabs. The first yielding of the flexural reinforcement is indicated 
by a circle on the load deflection plots. Some of the strain gauges were damaged 
during the casting process and, as a result, the steel strains were not measured for 
some locations in the slabs. The small initial settlement in the load-deflection graphs 
was corrected. Table 4.1 shows the load and the corresponding deflection values at 
first cracking, first yield of the flexure reinforcement, and at the ultimate load. The 
compressive strength and the reinforcement ratio are also listed in this table.  
 
Table 0.1: Deflection Characteristics of Tested Slabs 
Slab  
No. 
Comp. 
Strength 
cf     
Rein. 
Ratio 
ρ  
First 
Crack 
load 
First 
Crack 
Def. 
Yield 
Load 
Py 
Yield 
Load 
Def. 
Δy 
Ult. 
Load 
Pu 
Ult. 
Load 
Def. 
Δu 
 (MPa) (%) (kN) (mm) (kN) (mm) (kN) (mm) 
SCA150 24.5 1.01 36 1.40 227 9.90 351 17.20 
SCA200 26.0 1.08 73 1.30 - - 533 10.00 
SCA250 27.0 0.91 124 1.20 672 6.70 772 8.10 
SCB150 29.0 1.01 55 2.70 234 10.90 343 19.30 
SCB200 30.0 1.08 62 1.40 457 9.30 598 13.20 
SCB250 32.0 0.91 - - - - 764 8.35 
SCC150 25.5 1.01 54 2.40 - - 408 18.10 
SCC200 26.0 1.08 57 1.00 - - 588 11.10 
SCC250 27.0 0.91 78 0.70 679 6.40 870 8.90 
SCD150 24.0 1.01 45 2.30 221 10.0 342 17.40 
SCD200 24.5 1.08 - - 473 8.80 576 11.40 
SCD250 25.0 0.91 100 0.90 751 6.90 836 8.40 
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Figure 0.1: Load vs. Central Deflection for Slabs in Groups A and C (C/F Ratio of 
0.70 and Coarse Aggregate Size of 10 mm and 20 mm, respectively) 
 
Figure 0.2: Load vs. Central Deflection for Slabs in Groups B and D (C/F Ratio of 
1.20 and Coarse Aggregate Size of 10 mm and 20 mm, respectively) 
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The first crack was observed by the naked eye. The load that corresponds to the first 
yielding of the flexure reinforcement was determined from the strain gauges’ 
readings.  The strain gauges were mounted on the reinforcement as shown in Figures 
3.17 and 3.18. The first yielding occurred around the column stub. The yield strains 
were determined from the actual tests on the reinforcement bars. 
 
In order to examine the effect of changing the maximum aggregate size from 10 mm 
to 20 mm, the loads versus the central deflection are plotted in Figures 4.1 and 4.2 for 
the slabs with C/F ratios of 0.7 (Groups A and C) and 1.20 (Groups B and D), 
respectively. The slabs had similar reinforcement ratios and slight variations in the 
compressive strength.  The figures show that, at the same load values, there is no 
significant change in the load-deflection curves due to the change in the coarse 
aggregate size. 
 
Figures 4.3 and 4.4 are plotted to illustrate the influence of changing the C/F ratio 
from 0.70 to 1.20 for the slabs with the same maximum coarse aggregate; where 
Figure 0.3 shows Groups A and B with 10 mm coarse aggregate size, and Figure 0.4 
shows Groups C and D with 20 mm coarse aggregate size. The figures show that, at 
the same load values, there is no significant change in the load-deflection curves due 
to the change in the C/F aggregate ratio. Nonetheless, a minor influence was found on 
the deflection values when the C/F ratio was increased from 0.70 to 1.20.  
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Figure 0.3: Load vs. Central Deflection for Slabs in Groups A and B (Coarse 
Aggregate Size of 10 mm and C/F Ratio of 0.70 and 1.20, respectively) 
 
Figure 0.4: Load vs. Central Deflection for Slabs in Groups C and D (Coarse 
Aggregate Size of 20 mm and C/F Ratio of 0.70 and 1.20, respectively) 
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The deflection values listed in Table 0.1 illustrate the significant effect of the slab 
thickness. The deflection at failure for the 250 mm thick slabs was 50% of that of the 
150 mm thick slabs. This can be attributed to the increase in stiffness as a result of 
increasing the slab thickness. The thin slabs showed more ductile failure behaviour as 
they exhibited higher deflection values. The stiffness and ductility of the slabs are 
discussed in Sections 4.2 and 4.3. The load deflection curves can be also be used to 
identify the type of failure (Hussein 1990). Two-way slabs have three possible modes 
of failure: pure flexure failure, ductile punching failure, and pure punching shear 
failure. In general, punching shear failure occurs with a sudden drop in the load after 
the slab reaches the maximum load capacity. The 150 mm thick slabs failed in ductile 
punching shear. However, thicker slabs (200 mm and 250 mm) failed due to pure 
punching shear. 
 
The deflection profiles for all slabs are shown in Figures 4.5 to 4.8. The profiles are 
plotted at different load increments using the deflection measurements from the four 
LVDTs located at the front side of the slabs as detailed in Section 3.8.2. The same 
load increments are used for each slab with the same thickness. In addition, the 
deflection profiles at the ultimate load are also plotted in the deflection profiles. A 
discontinuity in the deflection profiles was observed inside the shear cracking zone; 
this discontinuity was more pronounced in the thicker slabs than the thinner ones that 
exhibited more uniform curvatures.  This discontinuity was located approximately at a 
distance equal to the effective slab depth from the slab center. It was observed that the 
portion of slab in the outer zone of slabs bounded by the critical shear crack deformed 
as a rigid body. This behaviour is similar to that of NC two-way slabs. It was first 
observed by Kinnunen and Nylander (1960) and it subsequently formed the basis of 
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their mechanical model. Hussein (1990) also made the same observations for normal 
and high strength concrete slabs. The Critical Shear Crack Theory (CSCT) by Muttoni 
(2008) uses the same assumptions to determine the load-rotation relationship as 
discussed in Section 2.3.2. 
 
a) 150 mm Thick Slab 
 
b) 200 mm Thick Slab 
 
c) 250 mm Thick Slab 
Figure 0.5: Deflection Profiles of Group A Slabs 
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a) 150 mm Thick Slab 
 
b) 200 mm Thick Slab 
 
c) 250 mm Thick Slab 
Figure 0.6: Deflection Profiles of Group B Slabs 
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a) 150 mm Thick Slab 
 
b) 200 mm Thick Slab 
 
c) 250 mm Thick Slab 
Figure 0.7: Deflection Profiles of Group C Slabs 
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a) 200 mm Thick Slab 
 
b) 250 mm Thick Slab 
Figure 0.8: Deflection Profiles of Group D Slabs 
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4.3 Stiffness 
The stiffness is defined as the slope of the load-deflection curve. In general, for a slab 
failing in punching shear, a typical load-deflection curve can be represented by three 
straight lines with different slopes. The first line represents the uncracked slope of the 
slab. The second line with a lower slope value represents the cracked slab elastic 
stiffness and ends at the yielding of the reinforcement. The third line represents the 
slab stiffness after yielding of the flexure reinforcement up to the failure of the slab 
under punching shear stresses. The smooth transition in slope before and after the 
formation of the first crack shows that the slabs exhibited a gradual loss in stiffness 
after the formation of the first crack. A gradual decrease was also observed in the slab 
stiffness after the yielding of the flexure reinforcement. 
 
The uncracked stiffness, cracked stiffness, first crack deflection and ultimate 
deflection are listed in Table 4.2.  From the experimental results, it is apparent that the 
slab thickness has the greatest influence on the slab stiffness within each group of 
slab. The decrease in slab stiffness after cracking was higher in thicker slabs as shown 
in Table 4.2, except for slabs SCA150 and SCB150 where a higher loss in stiffness 
was observed. Both slabs were cast using a C/F ratio of 0.70. In general, the loss in 
slab stiffness correlated with an increase in slab thickness. 
 
There is no significant change in either the uncracked or the cracked stiffness for the 
slabs due to changing the maximum coarse aggregate size or the C/F ratio used for the 
four groups of slabs 
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Table 0.2: Uncracked Stiffness, Cracked Stiffness and Deflections 
Slab 
No. 
Comp. 
Strength cf   
Uncracked 
stiffness 
Cracked 
stiffness 
Loss in 
stiffness 
First Crack 
Deflection 
Ultimate 
Deflection 
 (MPa) (kN/mm) (mm) % (mm) (mm) 
SCA150 24.5 25.70 17.0 66.0 1.40 17.20 
SCA200 26.0 56.10 49.0 87.0 1.30 10.00 
SCA250 27.0 103.30 71.4 69.0 1.20 8.10 
SCB150 29.0 20.40 13.0 64.0 2.70 19.30 
SCB200 30.0 44.30 36.2 82.0 1.40 13.20 
SCB250 32.0 -- 75.8 -- -- 8.80 
SCC150 25.5 22.50 17.4 77.0 2.40 18.10 
SCC200 26.0 57.00 40.0 70.0 1.00 11.10 
SCC250 27.0 111.43 77.3 69.0 0.70 8.90 
SCD150 24.0 19.57 16.4 84.0 2.30 17.40 
SCD200 24.5 -- 39.6 -- -- 12.30 
SCD250 25.0 111.11 56.7 51.0 0.90 8.40 
 
Table 0.3: Ductility and Energy Absorption  
Slab No. Comp. 
Strength 
cf   
Slab 
Thickness 
Slab 
Depth 
Rein. 
Ratio 
ρ 
Ductility 
∆𝑢
∆𝑦
 
Energy 
Absorption 
Capacity 
 (MPa) (mm) (mm) %  kN.mm*10
3
 
SCA150 24.5 150 110 1.01 1.74 3.30 
SCA200 26.0 200 155 1.08 -- 2.80 
SCA250 27.0 250 205 0.91 1.21 3.30 
SCB150 29.0 150 110 1.01 1.77 3.80 
SCB200 30.0 200 155 1.08 1.42 4.20 
SCB250 32.0 250 205 0.91 -- 3.50 
SCC150 25.5 150 110 1.01 -- 4.00 
SCC200 26.0 200 155 1.08 -- 3.50 
SCC250 27.0 250 205 0.91 1.39 4.10 
SCD150 24.0 150 110 1.01 1.74 3.30 
SCD200 24.5 200 155 1.08 1.30 3.40 
SCD250 25.0 250 205 0.91 1.22 3.90 
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4.4 Ductility and Energy Absorption 
Ductility is defined as the ratio between the deflection at the ultimate load, ∆u, and the 
deflection at the first yielding of the flexure reinforcement, ∆y. Hussein (1990) and 
Zhang (2006) used the same definition for ductility.  The slab ductility represents the 
deformation capacity of the slab prior to failure. The ductility of all test slabs are 
listed in Table 0.3. From the experimental values, it is apparent that the slab thickness 
has the most significant influence on the ductility index of the slabs. Group D clearly 
shows decrease in the slab ductility by approximately 30%. This decrease was a result 
of increasing the slab thickness from 150 to 250 mm. 
 
The energy absorption capacities for all slabs are listed in Table 0.3. The energy 
absorption was calculated as the area under the entire load-deflection curve recorded 
at the center of each slab.  The energy absorption values for slabs SCD150, SCD200, 
and SCD250 are 3.30 kN.mm, 3.40 kN.mm, and 3.90103 kN.mm, respectively.  
Despite the change in the slab thickness, the energy absorption values remain close.  
Increasing the slab thickness was not followed by a consequent increase in the energy 
absorption. This can be explained by the higher load capacity and the lower deflection 
at ultimate load for thick slabs. 
 
The energy absorption values do not show any significant influence in changing the 
coarse aggregate size or the C/F ratio on both ductility and energy absorption 
capacities for the tested slabs. However, the slab thickness is found to have the most 
significant influence. 
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4.5 Steel Reinforcement Strain 
This section presents the strain development of the flexure reinforcement in the test 
slabs. The strains were measured using ten strain gauges mounted on the 
reinforcement at different locations as detailed in Section 3.8.3. These locations were 
selected to measure the radial and tangential strain development. As mentioned 
earlier, some strain gauges were damaged during the casting process, and hence, some 
strain data is missing. The maximum strain was always recorded at the center of the 
slab and the values are listed in Table 0.4. The maximum recorded strain was higher 
in the thin slabs and decreased when the slab thickness was increased. Table 0.4 
shows that the yielding of the reinforcement in the thin slabs occurred at 
approximately 65% of the failure load.  
 
Table 0.4: Strain in Concrete and Flexure Reinforcement 
Slab No. Comp. 
Strength 
cf     
Yield 
Load 
Py 
Ult. 
Load 
Pu 
Yield 
/Ultimate 
Ultimate 
Radial 
Strain ε 
Radius 
of 
yield 
Ultimate 
Concrete 
Strain ε 
Ult. 
Slab 
Rotation 
 (MPa) (kN) (kN) %  (mm)  rad. 
SCA150 24.5 227 351 65.0 0.0033 341 0.0027 0.0220 
SCA200 26.0 -- 533 -- 0.0026 225 0.0015 0.0128 
SCA250 27.0 672 772 87.0 0.0022 62 0.0011 0.0119 
SCB150 29.0 234 343 68.0 0.0030 425 0.0016 0.0256 
SCB200 30.0 457 598 76.0 -- -- 0.0007 0.0162 
SCB250 32.0 -- 764 -- 0.0026 206 0.0005 0.0100 
SCC150 25.5 -- 408 -- -- -- 0.0012 0.0213 
SCC200 26.0 -- 588 -- -- -- 0.0011 0.0139 
SCC250 27.0 679 870 78.0 0.0028 212 0.0006 0.0121 
SCD150 24.0 221 342 65.0 0.0031 446 0.0025 0.0223 
SCD200 24.5 473 576 82.0 0.0025 325 0.0007 0.0115 
SCD250 25.0 751 836 90.0 0.0023 334 0.0005 0.0110 
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Figures 4.9 to 4.12 show the load versus the strain in the flexure reinforcement at the 
center of each slab. The figures show that the slope of the load-strain curve changes at 
a load value corresponding to the formation of the first cracking. After the occurrence 
of the first crack in concrete near the loaded area (column face), the cracks started to 
propagate on the concrete surface and the stresses were transferred to the flexure 
reinforcement.  
 
The slab thickness was found to have the most significant influence on the flexure 
reinforcement strain. The maximum values of the flexure reinforcement strains are 
listed in Table 4.4. The strains decreased as the slab thickness was increased. For 
example, the maximum values of strain in Group D for slabs of thickness 150 mm, 
200 mm, and 250 mm were 3100, 2500, and 2300 µε, respectively.  From Figures 4.9 
to 4.12, it can be concluded that the C/F aggregate ratio and the coarse aggregate size 
do not have any significant influence in the development of the steel strains in the 
slabs. 
 
Figure 0.9: Load vs. Reinforcement Strain at Center of Slab for Group A 
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Figure 0.10: Load vs. Strain at Center of Slab for Group B 
 
 
 
 
Figure 0.11: Load vs. Strain at Center of Slab for Group C 
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Figure 0.12: Load vs. Strain at Center of Slab for Group D 
Figures 4.13 to 4.16 show the flexure reinforcement strain profiles in the radial 
direction.  The profiles are plotted at different load increments using the steel strain 
gauge measurements.  The same load increments were used for each slab with equal 
thickness.  Also, the profiles at ultimate load are plotted in the strain profiles. The 
tension tests of the reinforcing bars used in the current experimental program showed 
that yield strain of the bars was approximately equal to 2200 µε (Section 3.3). Based 
on this value and the plotted strain profiles, it can be seen that partial yielding 
occurred and extended in all slabs before failing under punching shear. Yielding of 
the reinforcement was spread in the 150 mm thick slabs while a localized yielding, 
around the column stub, was found in the 200 mm and 250 mm thick slabs.   
 
The general trends of the strain profiles reveal that the strain is inversely proportional 
to the distance from the slab center. This behaviour is similar to the observation made 
by Kinnunen and Nylander (1960) for slabs with normal concrete. The strain was 
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higher around the column up to a certain distance, and then it dropped significantly. 
Thus, the observations support the inverse relationship of radial strain and distance 
from the slab center.   
 
Similar to the load deflection profiles stated in Section 4.2, a discontinuity in the load 
strain profiles was observed at a distance approximately equal to the slab depth from 
the column face where the critical shear crack was formed for some of the labs. This 
discontinuity was more pronounced in thicker slabs than thinner ones which exhibited 
more uniform deformations. This observation was also reported in research conducted 
by Zhang (2006) on two-way slabs reinforced with CFRP bars. In general, the strain 
profiles were not conclusive in establishing the effect of C/F aggregate ratio or the 
aggregate size on such profiles. 
  
68 
 
 
 
a) 150 mm Thick Slab 
 
b) 200 mm Thick Slab 
 
c) 250 mm Thick Slab 
Figure 0.13: Reinforcement Strain Profile in the Radial Direction (Group A Slabs) 
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a) 150 mm Thick Slab 
 
b) 250 mm Thick Slab 
Figure 0.14: Reinforcement Strain Profile in the Radial Direction (Group B Slabs) 
 
 
Figure 0.15: Reinforcement Strain Profile in the Radial Direction (Group C Slabs) 
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a) 150 mm Thick Slab 
 
b) 200 mm Thick Slab 
 
c) 250 mm Thick Slab 
Figure 0.16: Reinforcement Strain Profile in the Radial Direction (Group D Slabs) 
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4.6 Concrete Strains 
The concrete strains were measured at different locations on the compression side of 
the slabs as mentioned and detailed in Section 3.8.4. The concrete strains were only 
measured in the radial direction which is defined as the perpendicular direction to the 
column face. The purpose of using strain gauges at different locations is to monitor 
the distribution of the strain along the slab radius. The maximum concrete strain value 
for each slab occurred at the column face. These values are listed in Table 0.4. The 
results show that the maximum concrete strain for all slabs did not reach the limiting 
value of 0.0035 which is specified by the Canadian Code (CSA-A23.3-04) as the 
theoretical crushing value of concrete in compression. The radial strain at failure load 
ranged between 0.0004 and 0.0027; these values were recorded in slabs SCC250 and 
SCA150, respectively. It can be observed from the listed values that increasing the 
slab thickness has a significant influence on decreasing the maximum strain in the 
concrete. For instance, the concrete strain values in slabs of thickness 150, 200, and 
250 in Group A were 0.0027, 0.0015, and 0.0011 respectively. 
 
The applied loads versus the concrete strains at the column face are plotted in Figures 
4.17 and 4.18. The figures show higher concrete strain values for thin slabs; these 
values decreased as the slab thickness was increased. The figures could hardly be used 
to confirm the effect of changing the maximum coarse aggregate size. The concrete 
strains listed in Table 0.4 as well as the concrete strain profiles did not show any 
significance for changing the C/F ratio on the developed strains for the test slabs.   
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Figure 0.17: Load vs. Concrete Strain for Slabs in Groups A and C (C/F Ratio of 0.70 
and Coarse Aggregate Size of 10 mm and 20 mm, respectively) 
 
Figure 0.18: Load vs. Concrete Strain for Slabs in Groups B and D (C/F Ratio of 1.20 
and Coarse Aggregate Size of 10 mm and 20 mm, respectively) 
There is an increasing trend  in the concrete strains with increasing the load as shown 
in Figures 4.17 and 4.18. However, slabs SCB 200, SCB250, SCC200, SCC250, 
SCD200, and SCD250 showed a decrease in the concrete strain after reaching a 
certain value before failure. The same observation is found in previous research 
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conducted by Muttoni (1991), and Imtiaz (2004). Imtiaz (2004) attributed this 
phenomenon to the strain redistribution in the concrete after the formation of cracks 
on the tension surface. 
 
Figures 4.19 to 4.22 show the concrete strain profiles in the radial direction for each 
slab at certain load increments as listed on each figure. The highest strain values were 
recorded at the column face. A drop in the concrete strain was observed at certain 
radius of the tested slab. This drop was located approximately at d/2 from the column 
face. This observation was also reported in research conducted by Zhang (2006) on 
two-way slabs reinforced with CFRP bars. 
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a) 150 mm Thick Slab 
 
b) 200 mm Thick Slab 
 
c) 250 mm Thick Slab 
Figure 0.19: Concrete Strain Profile for Group A Slabs 
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a) 150 mm Thick Slab 
 
b) 200 mm Thick Slab 
 
c) 250 mm Thick Slab 
Figure 0.20: Concrete Strain Profile for Group B Slabs 
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a) 150 mm Thick Slab 
 
b) 200 mm Thick Slab 
Figure 0.21: Concrete Strain Profile for Group C Slabs 
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a) 150 mm Thick Slab 
 
b) 200 mm Thick Slab 
 
c) 250 mm Thick Slab 
Figure 0.22: Concrete Strain Profile for Group D Slabs 
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4.7 Cracking Characteristics 
The testing procedure is mentioned in details in Section 3.9. The crack pattern 
formation and propagation was carefully observed during testing. The first crack was 
visually detected by the naked eye and marked on the slab surface. The load value 
corresponding to the first crack formation was recorded and marked. The test was 
then stopped to attach the Crack Displacement Transducers (CDT) at the critical crack 
locations to monitor the crack width development. During the second stage of loading, 
the propagation of cracks as well as the load values were marked on the slab surface 
at each load increment of 22 kN (5.0 kips) until the slab failed. In general, the first 
crack was formed tangentially and passed around the column stub. This was followed 
by propagation of the radial cracks from the column stub edges to the four corners of 
the slab. As the applied load was increased, all radial cracks were connected by cracks 
in the tangential direction. It was observed that no new cracks were formed at 
approximately 80% of the failure load. Figures 4.23 to 4.34 show photographs of the 
crack patterns for each slab after failure occurred. 
 
The first crack load values, the corresponding deflection, and the maximum crack 
widths are listed in The C/F aggregate ratio and the coarse aggregate size did not 
show any influence of the cracking characteristics of the slab as listed in Table 4.5. 
 
In general, the first crack load for all slabs occurred in a range of 6% to 16% of the 
failure load. The lowest value of the loads that caused first crack was recorded for 
slab SCD200 and the highest value was recorded for slab SCA250 and SCB150.  
Nonetheless, the first crack is observed by the naked eye and hence, there could be 
some variability in the observed loads. 
79 
 
 
  
Figure 0.23: Crack Pattern for SCA150 
 
Figure 0.24: Crack Pattern for SCA200 
1 
2 3 
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Figure 0.25: Crack Pattern for SCA250 
 
Figure 0.26: Crack Pattern for SCB150 
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Figure 0.27: Crack Pattern for SCB200 
 
Figure 0.28: Crack Pattern for SCB250 
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Figure 0.29: Crack Pattern for SCC150 
 
Figure 0.30: Crack Pattern for SCC200 
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Figure 0.31: Crack Pattern for SCC250 
 
Figure 0.32: Crack Pattern for SCD150 
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Figure 0.33: Crack Pattern for SCD200 
 
Figure 0.34: Crack Pattern for SCD250 
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The increased first cracking load, within each group of slabs, shows the significance 
of increasing the slab thickness. This increase in the load value can be attributed to the 
increased stiffness as explained in Section 4.3. The effect of the increased stiffness is 
also confirmed by the recorded crack width. The crack widths values show a 
decreasing trend with increasing the slab thickness. The largest crack width usually 
occurred around the column stub. The highest recorded value of the crack width was 
1.90 mm in slab SCA150, and the smallest value was 0.31 mm in slab SCC250.  The 
crack widths versus the applied loads are plotted in Figures 4.35 to 4.39.  The crack 
widths in the plots were measured using the data recorded by the CDT mounted on 
the slab surface. Due to the redistribution of cracking and loads, nonlinear trends can 
be observed in the plotted figures.  The C/F aggregate ratio and the coarse aggregate 
size did not show any influence of the cracking characteristics of the slab. 
Table 0.5: Crack Measurements  
Slab No. Comp. 
Strength 
cf   
(MPa) 
Rein. 
Ratio 
ρ  
% 
First 
Cracking 
Crack / 
Ultimate 
 
% 
Max Crack Width  
mm 
Load 
(kN) 
Def. 
(mm) 
(1) (2) (3) 
SCA150 24.5 1.01 36 1.40 10% 1.90 1.30 -- 
SCA200 26.0 1.08 73 1.30 14% 0.75 0.50 0.75 
SCA250 27.0 0.91 124 1.20 16% -- -- -- 
SCB150 29.0 1.01 55 2.70 16% -- -- -- 
SCB200 30.0 1.08 62 1.40 10% 1.30 0.80 0.60 
SCB250 32.0 0.91 -- -- -- 0.75 1.00 0.50 
SCC150 25.5 1.01 54 2.40 13% -- -- -- 
SCC200 26.0 1.08 57 1.00 10% 1.10 0.90 0.50 
SCC250 27.0 0.91 78 0.70 9% 0.75 0.70 0.31 
SCD150 24.0 1.01 45 2.30 13% 1.00 0.45 0.35 
SCD200 24.5 1.08 -- -- -- 0.75 0.85 0.40 
SCD250 25.0 0.91 100 0.90 12% 0.65 0.50 0.35 
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Figure 0.35: Crack Width vs. Applied Load for SCA150 
 
Figure 0.36: Crack Width vs. Applied Load for SCB200 
 
Figure 0.37: Crack Width vs. Applied Load for SCB250 
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Figure 0.38: Crack Width vs. Applied Load for SCC200 
 
Figure 0.39: Crack Width vs. Applied Load for SCC250 
 
Figures 4.40 to 4.42 show typical plots of the crack widths versus the reinforcement 
strains recorded closest to the occurrence of the crack. In general, it was observed that 
the strain versus crack width can be approximated as a straight line for the 200 mm 
and 250 mm slabs. On the other hand, the 150 mm slabs showed a nonlinear trend for 
the plotted curve after the strain had reached the yielding value of 2200 µε as 
mentioned. 
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Figure 0.40: Crack Width vs. Reinforcement Strain for SCA150 
 
Figure 0.41: Crack Width vs. Reinforcement Strain for SCB250 
 
Figure 0.42: Crack Width vs. Reinforcement Strain for SCC200 
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4.8 Slab Rotation and Ultimate Capacity 
The rotation capacity of the slab is defined as the slab rotation at ultimate load.   The 
values of slab rotations are listed in Table 4.6 for all test slabs. These rotations were 
measured for the slab portion outside the shear crack which rotates as a rigid body as 
mentioned in Section 4.2. The experimental results show that the slab thickness has 
the major influence on the slab rotation. Thick slabs were found to have lower 
rotation capacity compared to thin slabs. There is no significant change in the slab 
rotation due to changing the coarse aggregate size or the C/F ratio used for the four 
groups of slabs. The rotation capacities ranged between 0.0256 and 0.0096 rad. The 
highest value was recorded in slab SCB150, and the lowest value was recorded in slab 
SCB250. Both slabs were cast using a coarse aggregate size of 10 mm and C/F ratio 
of 1.20. It should be noted that Group B slabs showed the highest rotation capacity 
among all slabs as listed in Table 4.6 and shown Figure 0.43 to Figure 0.46.   
 
As mentioned in Section 2.3.2, a rational mechanical model was proposed by Muttoni 
(2008) and subsequently formed the basis for punching shear provisions in the latest 
edition of the Model Code (2010). The model is based on the critical shear crack 
theory (CSCT) which assumes that the shear strength is governed by the width and the 
roughness of the shear crack developed through an inclined compression strut that 
carries the shear force as shown in Figure 2.2; assuming that the crack width w is 
proportional to the slab rotation . The shear strength is calculated from a set of 
assumed kinematics characterized by the rotation of the slab and integrating the 
contribution of the concrete tensile stresses, and the aggregate interlock along the 
failure surface. Most of the shear stress is transferred at the bottom end of the crack 
where the crack width is small, while any contribution from dowel action of the 
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reinforcement is ignored due to the expected spalling of the concrete cover.  It was 
shown that the punching shear capacity decreases with increasing rotation since this 
implies wider cracks; thus reducing both tensile and aggregate contributions. 
 
The details of the CSCT model are mentioned in Section 2.3.2. In Figures 4.43 to 
4.46, the dashed lines represent the failure criterion of the CSCT calculated using Eq. 
2.6, and the solid lines represent the slab-rotation predicted using Eq. 2.7 and. It 
should be noted that the CSCT failure criterion takes into account both the slab 
rotation and the maximum coarse aggregate size. The dotted curve in those figures 
shows the applied load versus rotation obtained from the experimental measurements.  
The predicted capacity and corresponding maximum rotation, for each slab, are 
defined by the intersection of the slab-rotation curve (solid line) with the failure 
criterion (dashed line). 
 
The measured ultimate loads and rotation capacities, as well as those predicted using 
CSCT, are listed in Table ‎4.6. In general, the CSCT seems to reasonably predict the 
load-rotation behaviour of all test slabs. The load-rotation curves also represent the 
slab stiffness. The CSCT underestimates the initial stiffness at the first two load stages 
defined in Section 4.3. This underestimation is more pronounced for the thicker slabs 
with 200 mm and 250 mm thickness. The underestimation of the stiffness leads to an 
underestimation of the punching shear strength. This was observed for all slabs except 
SCB250. The prediction of the capacity of the test slabs using the CSCT is discussed 
in Section 4.8.  
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Table 0.6: Test Results vs. CSCT Predictions 
Slab 
No. 
cf   Ptest PCSCT 
Experimental 
Rotation 
Rotation 
CSCT 
PCSCT/Ptest /u cv f   
 (MPa) (kN) (kN) (rad.) (rad.)   
SCA150 24.5 351 263 0.0220 0.0143 0.75 0.448 
SCA200 26.0 533 465 0.0128 0.0083 0.87 0.416 
SCA250 27.0 772 722 0.0119 0.0058 0.94 0.398 
SCB150 29.0 343 276 0.0256 0.0153 0.80  0.402 
SCB200 30.0 598 490 0.0162 0.0087 0.82 0.435 
SCB250 32.0 764 770 0.0096 0.0061 1.01 0.362 
SCC150 25.5 408 287 0.0213 0.0170 0.70 0.510 
SCC200 26.0 589 503 0.0139 0.0095 0.85 0.460 
SCC250 27.0 870 787 0.0121 0.0064 0.90 0.449 
SCD150 24.0 342 282 0.0223 0.0166 0.82 0.441 
SCD200 24.5 576 493 0.0115 0.0092 0.86 0.463 
SCD250 25.0 836 763 0.0110 0.0063 0.91 0.448 
 
The predicted rotation values show an increasing trend when a larger coarse aggregate 
size is used. However, the measured slab-rotation for the test slabs showed 
inconsistency with the predicted values. In general, the experimental results on the 
SCC slabs did not show any definitive trends for the effect of coarse aggregate size on 
the slab rotation. 
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Figure 0.43: Load vs. Rotation (Group A Slabs: C/F 0.70 & Agg. Size 10 mm) 
 
Figure 0.44: Load vs. Rotation (Group B Slabs: C/F 1.20 & Agg. Size 10 mm) 
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Figure 0.45: Load vs. Rotation (Group C Slabs: C/F 0.70 & Agg. Size 20 mm) 
 
Figure 0.46: Load vs. Rotation (Group D Slabs: C/F 1.20 & Agg. Size 20 mm) 
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4.9 Shear Strength 
The shear strengths for all slabs are presented in this section. The recorded ultimate 
loads, Ptest, are listed in Table 0.7. The shear strength, vu, is determined by dividing 
the ultimate load by bod, where bo is the critical punching perimeter at d/2 from the 
column face, and d is the average slab depth for punching shear stresses calculations.  
In order to eliminate the small variability in the compressive strength of the different 
slabs, the shear strength was normalized w.r.t. cf  .  
 
The relationship between the normalized shear strength and the slab depth is shown in 
Figure 0.47 for all test slabs.  The results of Group A and C slabs indicated a 
decreasing trend in the normalized shear strength with increasing slab depth. The 200 
mm and 250 mm thick slabs in Group B and D also indicated the same trend.  
However, the 150 mm thick specimens with C/F ratio of 1.2, SCB150 and SCD150, 
did not show the same trend of decreased normalized shear strength when the slab 
depth is increased. Hence, these somewhat inconsistent results do not necessarily 
allow definitive conclusions regarding the size effect for the slabs with C/F ratio of 
1.2. 
 
a) Group A and C Slabs (C/F Ratio of 0.70 and Maximum Aggregate Size of 10 
mm and 20 mm, respectively) 
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b) Group B and D Slabs (C/F Ratio of 1.20 and Maximum Aggregate Size of 10 
mm and 20 mm, respectively) 
 
Figure 0.47: Influence of Slab Thickness on Shear Stress Resistance 
Figure 4.48 show the normalized shear strength versus the aggregate size for all test 
slabs. The figures clearly demonstrate that the coarse aggregate size have a significant 
influence on the shear strength of the test slabs. The shear strength consistently 
increased with increasing the maximum coarse aggregate size as shown in Table 4.7.  
An increase of approximately 12% is found for increasing the maximum coarse 
aggregate size form 10 mm in Group A to 20 mm in Group C.  On the other hand, 
when the shear strength for Group D slabs were compared with those of Group B, a 
higher deviation in the increased stresses was found, as for slabs of thickness 200 mm, 
and 250 mm the strength increased by 6.5%, and 23%, respectively, with increasing 
the maximum coarse aggregate size from 10 mm to 20 mm. 
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a) Group A and Group C – C/F 0.70 
 
  
b) Group B and Group D – C/F 1.20 
Figure 0.48: Influence of the Coarse Aggregate Size on Shear Strength
SCA 
SCC 
SCD 
SCB 
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Table 0.7: Normalized Shear Strength of Test Slabs 
Slab 
No. 
h dave bo ρ  cf 
*
 Ptest vu
†
 vu  / 
√𝑓𝑐
′
 
 (mm) (mm) (mm) % (MPa) (kN) (MPa)  
SCA150 150 110 1440 1.01 24.5 351 2.22 0.448 
SCA200 200 155 1620 1.08 26.0 533 2.12 0.416 
SCA250 250 205 1820 0.91 27.0 772 2.07 0.398 
SCB150 150 110 1440 1.01 29.0 343 2.17 0.402 
SCB200 200 155 1620 1.08 30.0 598 2.38 0.435 
SCB250 250 205 1820 0.91 32.0 764 2.05 0.362 
SCC150 150 110 1440 1.01 25.5 408 2.57 0.510 
SCC200 200 155 1620 1.08 26.0 589 2.34 0.460 
SCC250 250 205 1820 0.91 27.0 870 2.33 0.449 
SCD150 150 110 1440 1.01 24.0 342 2.16 0.441 
SCD200 200 155 1620 1.08 24.5 576 2.29 0.463 
SCD250 250 205 1820 0.91 25.0 836 2.24 0.448 
*
 Compressive strength on the testing day, measured using (100 × 200 mm) cylinders 
†
 vu is the shear strength (ultimate shear strength) = Ptest / bo.d 
4.10 Test Results versus Code Predictions 
The flexure reinforcement has an influence on the punching shear capacity of two-
way slabs. The reinforcement reduces the crack width through the bond between the 
concrete and the deformed bars, and results in more uniform distribution of the 
cracks. Using the yield line theory, the flexural capacity of a slab is calculated as 
follows: 
𝑃𝑓𝑒𝑙𝑥 = 8 ( 𝑠/(𝑎 − 𝑐) − 1.172 ) 𝑀𝑛 (0.1) 
Where s, a, and c are dimensions shown in Figure 0.49.  Mn is the nominal flexure 
strength for a one meter strip of the slab and is calculated as: 
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𝑀𝑛 = 𝜌. 𝑓𝑦. 𝑑
2 [1 − 0.59 (𝜌. 𝑓𝑦 𝑓𝑐′⁄ )] (0.2) 
Where ρ is the tensile flexural reinforcement ratio, and fy is the specified yield 
strength for the reinforcement used.   
 
Figure 0.49: Yield Line Patter, Hussien (1991) 
Hognestad (1953) introduced the ϕo factor which is defined as the ratio between the 
ultimate capacity Pu and the flexure resistance Pflex, calculated by the yield line 
theory, of a slab.  A slab is considered to fail in punching shear when ϕo ≤ 1.  If ϕo > 1, 
the slab is considered to fail in flexure. The listed values for ϕo in Table 4.8 show that 
all test slabs failed due to shear. The thin slabs of thickness 150 mm have a higher ϕo 
values. This indicates that those slabs have more ductile behaviour compared to 
thicker slabs. These findings in addition to the spread of yield in the test slabs support 
the discussion of the slabs’ ductility and stiffness mentioned in Section 4.3. 
 
The punching shear equations of the different design codes are presented in Section 
2.4. The resistance factors in these equations are taken as unity when comparing the 
predication of the code equations to the test results. In the current study, four codes 
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are presented (the Canadian Code (CSA A23.3-04), the American Code (ACI 318-
11), the British Code (BS8110-97), and the European Code (EC2, 2010)).  
 
The influence of the flexure reinforcement is not accounted for in the current North 
American Codes, CSA A23.3-04 or the ACI 318-11. On the other hand, the British 
standard and the European code EC2; both include the flexure reinforcement ratio 
influence on the punching capacity. CSA A23.3-04 does not account for the slab 
depth if it is less than 300 mm.  Both the British Code (BS8110-97), and the European 
Code (EC2, 2010) contains terms that account for the slab depth as mentioned in 
Section 2.4. 
 
The comparison between the test results and the code predications are presented in 
Tables 4.8 and 4.9 for the test slabs with 10 mm and 20 mm coarse aggregate size, 
respectively. The mean ratio, standard deviation and coefficient of variation of the 
predicted to the measured capacities for the slabs are also listed in these tables. 
 
The Canadian code CSA A23.3-04 gives safe predictions of the capacity of the SCC 
test slabs with 10 mm and 20 mm coarse aggregate size. The only unsafe prediction is 
that for slab SCB250. The ratio of the predicted to the measured capacity is 1.05 for 
this slab which is unsafe prediction. The mean ratio, standard deviation (S.D) and 
coefficient of variation (COV) of the predicted to the measured capacities for the 
slabs of Groups A and B, with 10 mm coarse aggregate size, are 0.93, 0.07 and 7.7%, 
respectively. For Groups C and D, with 20 mm coarse aggregate size, these values are 
0.83, 0.04 and 4.9%, respectively.  Hence, the CSA code is more conservative and has 
less scatter for SCC slabs with 20 mm coarse aggregate size compared to those with 
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10 mm coarse aggregate size. In general, the Canadian Code can be safely used to 
check the punching shear capacity of SCC slabs without the need to modify the code 
equation. The ACI 318-11 code predictions are the most conservative among the four 
codes and they follow the same trend as the CSA code. 
 
The BS8110-97 code gave the least scatter in the Pcode/Ptest ratios among all codes for 
the slabs with 10 mm coarse aggregate size. The predictions of the BS8110-97 code 
were very similar to those of CSA A23.3 for the slabs with 20 mm coarse aggregate 
size. The BS8110-97 gives safe predictions of the capacity of all SCC test slabs. 
 
The predictions of the Eurocode (EC2) are unsafe for all SCC slabs with 10 mm 
coarse aggregate size and thicknesses of 200 mm and 250 mm. The ratios of Pcode/Ptest 
are higher than unity for those slabs. For slabs with 20 mm coarse aggregate size, the 
predictions of the Eurocode (EC2) are unsafe for the 250 mm slabs.   The EC2 has the 
highest COV among all codes for the SCC slabs with 10 mm and 20 mm coarse 
aggregate size. It should be mentioned that the BS 8110 code was superseded by 
Eurocode (EC2) in 2010. 
 
In conclusion, and with the exception of EC2, the capacity of SCC slabs with different 
thicknesses and coarse aggregate size can safely and adequately be predicted using the 
listed codes (CSA23.3-04, ACI318-11 and BS8110).  In general, the predictions of all 
four codes are more conservative and have less scatter when applied to SCC slabs 
with 20 mm coarse aggregate size compared to those with 10 mm coarse aggregate 
size.   
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The CSCT proposed by Muttoni (2008) gives safe predictions of the capacity all test 
slabs with 10 mm and 20 mm coarse aggregate size. The mean ratio, standard 
deviation and coefficient of variation of the predicted to the measured capacities for 
the slabs of Groups A and B, with 10 mm coarse aggregate size, are 0.86, 0.10 and 
12.0%, respectively. For Groups C and D, with 20 mm coarse aggregate size, these 
values are 0.83, 0.08 and 9.7%, respectively. Moreover, the COV of the CSCT 
predictions are higher than those of CSA23.3-04, ACI318-11 and BS8110. The COV 
of the CSCT predictions were very close to those of EC2.  It should be mentioned that 
the CSCT considers the coarse aggregate size used when determining the capacity of 
the slabs.  However, all codes do not consider this factor in their design equations.  In 
addition, unlike code equations, the CSCT can reasonably predict the structural 
behaviour of the test slabs as mentioned in Section 4.7.  
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Table 0.8: Test Results vs. Code Predictions (Slabs with 10 mm Agg. Size) 
Slab 
No. 
vu 
 
MPa 
vu / √𝑓𝑐′ 
 
Nominal 
Pcode / Ptest 
PCSCT 
/Ptest 
Ptest 
/Pflex 
CSA23.3 ACI318 BS8110 EC2 ϕo 
SCA150 2.22 0.448 0.85 0.74 0.86 0.91 0.73 0.78 
SCA200 2.12 0.416 0.91 0.79 0.94 1.11 0.87 0.58 
SCA250 2.07 0.398 0.95 0.83 0.93 1.18 0.94 0.58 
SCB150 2.17 0.402 0.94 0.82 0.94 0.98 0.79 0.75 
SCB200 2.38 0.435 0.87 0.76 0.88 1.04 0.81 0.64 
SCB250 2.05 0.362 1.05 0.91 0.99 1.26 1.01 0.56 
  Mean 0.93 0.82 0.92 1.08 0.86  
  S.D 0.07 0.06 0.05 0.13 0.10  
  COV 7.7% 7.7% 5.2% 12.0% 12.0%  
 
 
 
Table 0.9: Test Results vs. Code Predictions (Slabs with 20 mm Agg. Size) 
Slab 
No. 
vu 
 
MPa 
vu  / √𝑓𝑐′ 
 
Nominal 
Pcode / Ptest 
PCSCT 
/Ptest 
Ptest 
/Pflex 
CSA23.3 ACI318 BS8110 EC2 ϕo 
SCC150 2.57 0.510 0.75 0.65 0.75 0.79 0.69 0.91 
SCC200 2.34 0.460 0.83 0.72 0.85 1.00 0.84 0.64 
SCC250 2.33 0.449 0.85 0.74 0.82 1.05 0.90 0.65 
SCD150 2.16 0.441 0.86 0.75 0.88 0.92 0.80 0.77 
SCD200 2.29 0.463 0.82 0.71 0.85 1.00 0.85 0.63 
SCD250 2.24 0.448 0.85 0.74 0.83 1.06 0.91 0.63 
  Mean 0.82 0.72 0.83 0.97 0.83  
  S.D 0.04 0.04 0.04 0.10 0.08  
  COV 5.0% 5.0% 5.3% 10.4% 9.7%  
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Chapter 5  
 
Conclusions & Recommendations 
 
Four SCC mixtures were developed and used to cast the SCC slabs in the current 
study.  Twelve reinforced concrete slabs were prepared using the four SCC mixtures.  
The main parameters of the test were the C/F ratio, aggregate size and slab depth.  
The structural behaviour and characteristics of SCC slabs were examined: load-
deflection, steel and concrete strains, capacity, crack propagation and crack profile at 
failure.  The following conclusions can be drawn from the present research: 
 The C/F ratio and aggregate size did not show any significant influence on the 
slab behaviour such as deflection, stiffness, ductility and energy absorption, steel 
and concrete strains and cracking characteristics. 
 A discontinuity in the deflection profiles was observed inside the shear cracking 
zone. This discontinuity is more pronounced in thicker slabs than in thin slabs 
which exhibited more uniform deformations.  This discontinuity is located 
approximately at a distance equal to the effective slab depth from the slab center. 
The portion of slab in outer zone of slabs, bounded by the critical shear crack 
seemed to deform as a rigid body. This behaviour is very similar to that of NSC 
slabs. 
 The slab thickness has the most significant effect among the test parameters on 
the behaviour of the test slabs. 
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 The test result proved that there is no significant difference in term of structural 
behaviour when using different coarse aggregate size or content. Therefore, the 
structural behavior of SCC should be similar to that of NC." 
 The depth and aggregate size are the most influential parameters on the shear 
capacity of the slab; increasing the slab thickness lead to a decrease in the 
normalized shear strength of the slab while increasing the aggregate size lead to 
an increase in the normalized shear strength of the slab. 
 The punching shear provisions in the Model Code (2010) are based on the CSCT 
proposed by Muttoni (2008).   The CSCT is able to reasonably predict the 
structural behaviour of the test slabs.  Nonetheless, the test results did not show 
any clear trend in the relationship between the aggregate size and the slab 
rotation. 
 The Canadian Code CSA (A23.3-04), the American Code (ACI 318-11) and the 
British Code (BS8110-97) give safe predictions of the capacity of the SCC test 
slabs.  The only unsafe prediction by CSA A23.3-04 is that for slab SCB250.  
Therefore, these codes can be safely used to check the punching shear capacity of 
SCC slabs without the need of any modification to the equations used for such 
shear check.  
 The predictions of the Canadian Code CSA (A23.3-04), the American Code (ACI 
318-11) and the British Code (BS8110-97) are more conservative and have less 
scatter when applied to SCC slabs with 20 mm coarse aggregate size compared to 
those with 10 mm coarse aggregate size.    
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 The British Code (BS8110-97) was superseded by Eurocode (EC2) in 2010.  The 
predictions of the Eurocode (EC2) are unsafe for most of the slabs with 
thicknesses of 200 mm and 250 mm.   
 The EC2 has the highest COV among all codes for the SCC slabs with 10 mm 
and 20 mm coarse aggregate size. The predictions of the Eurocode (EC2) are 
unsafe for most of the slabs with thicknesses of 200 mm and 250 mm.   Hence, 
further research is needed to examine the use of EC2 in the design of SCC slabs 
for punching shear. 
 The CSCT gives safe predictions of the capacity all test slabs. The COV of the 
CSCT predictions are higher than those of CSA23.3-04, ACI318-11 and BS8110.  
The COV of the CSCT predictions were very close to those of EC2.   
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